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ABSTRACT                  Ayan Samanta, M.Sc. 
 
RNA functionalization strategies and their application to RNA folding dynamics 
and experimental RNomics 
 
1. Referee: Prof. Dr. Andres Jäschke 
2. Referee: Prof. Dr. Stefan Wölfl 
The oversimplified notion of RNA being a mere carrier of sequence information from 
gene to protein has been repeatedly undermined over the decades by yet another newly 
discovered function performed by certain RNA species. These new species include in 
particular RNAs which regulate gene expression in response to a metabolite sensing 
event. These RNAs — known as riboswitches — elegantly couple metabolite recognition 
with gene regulation in the apparent absence of protein helpers. 
Here we first sought to investigate the folding dynamics of the S-adenosyl-L-methionine 
responsive riboswitch by FRET spectroscopy. This requires the synthesis of full-length 
riboswitch constructs site-specifically modified with multiple fluorophores. For this 
challenging task we have established a 5-way splinted-ligation strategy to prepare dual-
fluorophore labelled full-length riboswitch constructs in an unprecedented overall yield of 
10 %. These constructs have further been subjected to bulk and single molecule FRET 
spectroscopy for ligand induced folding analysis. We confirmed similar folding dynamics 
for the aptamer of the complete riboswitch (aptamer + expression platform) as reported 
earlier for constructs containing the aptamer alone. However, we also observed a few 
other folding phenomena induced by a chemically slightly different, yet non-cognate 
metabolite, which cannot be explained by any facts known about this riboswitch to date 
and require further experiments to reach a final conclusion. 
During the course of the aforesaid work, we realized the limitations of existing nucleic 
acid functionalization strategies. Therefore we decided to use bioorthogonal click 
reactions as part of our labelling strategy. Among various different click reactions, we 
first had to find the one which best suits our purpose and to optimize its conditions. 
Having the optimized click reaction conditions at hand, we developed enzymatic 
strategies to site-specifically functionalize long RNAs with clickable residues. In our 
nucleic acid labelling strategy a diverse array of different chemical functionalities can be 
introduced exploiting the modular nature of click chemistry. This does not demand either 
de novo synthesis or optimizations of enzymatic reaction conditions for each new single 
compound. Furthermore, we developed a chemical approach using two different 
mutually orthogonal click reactions for concurrent, site-specific labelling of DNA 
molecules with multiple fluorophores.  
Moreover, we sought to extend this strategy of enzymatic, site-specific transfer of 
clickable residues to long RNAs towards photochemical transfer of clickable moieties to 
a target RNA in a mixture of many unrelated sequences. This technique, which we call 
``Affinity-based Chemical RNomics`` is a chemical approach in experimental RNomics 
whereby RNA sequences which bind to a given small-molecule metabolite are to be 
isolated from a total RNA isolate of any organism just by the virtue of its tight binding to 
its cognate metabolite and without any prior knowledge of its sequence. This method 
would therefore allow for the discovery of previously unknown riboswitches, currently the 
only known kind of natural RNA that binds small-molecule metabolites. Since all 
currently known riboswitches have been discovered by rational approaches, this will 
considerably extend the chances of discovering new riboswitches. 
ZUSAMMENFASSUNG 
Die übervereinfachte Vorstellung, dass RNA lediglich als Träger von Protein-
Sequenzinformation dient, wurde über die Jahrzehnte immer wieder durch neu 
entdeckte Funktionen, die bestimmte RNA-Spezies ausüben können, untergraben. 
Diese neuen Spezies beinhalten insbesondere RNAs, die Genexpression als Reaktion 
auf einen Metaboliten-Stimulus regulieren. Diese RNAs – bekannt unter dem Namen 
Riboswitches, wörtlich Ribo-Schalter – koppeln auf elegante Weise Metaboliten-
Erkennung an Genregulation, ohne dafür Proteine zu benötigen.  
In dieser Arbeit wollten wir zunächst die Faltungs-Dynamik des S-Adenosyl-L-Methionin-
Riboswitches mittels FRET-Spektroskopie untersuchen. Dazu war die Synthese von 
Volllängen-Riboswitch-Konstrukten nötig, welche ortsspezifisch mit Fluorophoren 
modifiziert waren. Um dies zu bewerkstelligen, etablierten wir eine Strategie, bei der 
mittels eines “Splints” fünf Fragmente mit einer noch nie erreichten Effizienz von 10% 
ligiert wurden. Die doppelt farbstoffmarkierten Konstrukte wurden danach mittels „Bulk“- 
und Einzelmolekül-FRET-Spektroskopie auf ligandeninduzierte Faltung hin untersucht. 
So konnten wir für das Aptamer des gesamten Riboswitches (Aptamer + 
Expressionsplattform) ähnliche Faltungsdynamiken bestätigen, wie sie bereits für 
Konstrukte, die nur das Aptamer enthielten publiziert worden waren. Dennoch 
beobachteten wir auch einige andere Faltungs-Phänomene, welche durch einen 
chemisch nur wenig abweichenden, jedoch eigentlich Riboswitch-fremden Metaboliten 
induziert wurden, die durch keine der bisher über diesen Riboswitch bekannten Fakten 
erklärt werden können und weitere Experimente zur endgültigen Klärung benötigen.  
Während der zuvor beschriebenen Arbeit bemerkten wir die Einschränkungen der 
bestehenden Nukleinsäure-Funktionalisierungsstrategien. Daher entschlossen wir uns, 
bioorthogonale Click-Reaktionen als Teil unserer Funktionalisierungsstrategie zu 
verwenden. Unter den verschiedenen Click-Reaktionen mussten wir zunächst diejenige 
identifizieren, die für unsere Zwecke am besten geeignet ist, und dann deren 
Reaktionsbedingungen optimieren. Danach entwickelten wir enzymatische Strategien 
um lange RNA-Moleküle mit „clickbaren” Resten zu versehen. Mit unserer Nukleinsäure-
Markierungsstrategie kann unter Ausnutzung der modularen Natur der Click-Chemie 
eine Reihe verschiedener funktionaler Gruppen eingeführt werden. Dazu sind weder  
de novo Synthese noch Optimierung enzymatischer Reaktionsbedingungen für jede 
neue Verbindung vonnöten. Weiterhin entwickelten wir eine chemische Methode zur 
gleichzeitigen, ortsspezifischen Doppelmarkierung von DNA-Molekülen mit multiplen 
Fluorophoren unter Benutzung zweier wechselseitig orthogonaler Click-Reaktionen. 
Desweiteren versuchten wir, die Strategie des enzymatischen, ortsspezifischen 
Transfers „clickbarer“ Reste auf lange RNAs auf den photochemischen Transfer 
ebensolcher Gruppen auf eine Ziel-RNA in einer Mischung von vielen nicht-verwandten 
Sequenzen auszuweiten. Diese Technik, die wir als „affinitätsbasierte chemische 
RNomik” bezeichnen, ist eine chemische Methode in der experimentellen RNomik. 
Durch diese sollen RNA-Sequenzen, die an einen gegebenen niedermolekularen 
Metaboliten binden, ausschließlich aufgrund ihrer festen Bindung an diesen Metaboliten 
und ohne Vorwissen bezüglich ihrer Sequenz aus einem Total-RNA-Isolat eines 
beliebigen Organismus’ isoliert werden. Diese Methode sollte es daher ermöglichen, 
zuvor unbekannte Riboswitches zu entdecken – die bisher einzige bekannte Sorte 
natürlich vorkommender RNAs, die niedermolekulare Metaboliten bindet. Da alle bisher 
bekannten Riboswitches über rationale Ansätze entdeckt wurden, wird dies die 
Möglichkeiten zur Entdeckung neuer Riboswitches deutlich erweitern. 
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1.1. Small molecule binding natural RNA aptamers - riboswitches 
 
The folding dynamics of structural RNAs are of widespread interest in modern life 
sciences(1,2). The prevalent notion of RNA as a mere carrier of protein sequence 
information in biology has been repeatedly undermined over the decades by yet another 
newly discovered function performed by RNA. These new functions include in particular 
RNAs which regulate gene expression in response to a metabolite sensing event. This 
regulation responds to changing levels of the metabolites in the cell, a type of feedback 
mechanism that was previously known to be mediated only by proteins(3). These RNAs — 
known as riboswitches — elegantly couple metabolite recognition with gene regulation in the 
apparent absence of protein helpers(4-12). 
Numerous riboswitches that specifically recognize substrates as diverse as 
nucleotides, amino acids, vitamins and co-enzymes have been discovered in recent years. 
Accounting for about 4% of genetic control in bacteria, riboswitches have turned out to be 
quite frequent. After their initial discovery in bacteria, they were also found in archaea, fungi 
and plants, albeit so far in lesser numbers(13,14). The known regulatory RNA domains are 
typically located in regions of mRNA that directly precede the protein-coding sequence. A 
highly interesting common feature is the simple modular architecture — they consist of a 
metabolite-sensing domain, which binds the substrate, and another region, known as the 
expression platform, which in response to substrate binding mediates the gene regulation, 
i.e. usually protein production. Thus, the end result of the metabolite binding event is 
frequently the suppression of the production of enzymes that are responsible for the 
biosynthesis of the detected metabolite (Fig. 1.1). 
In vitro investigations show, that upon substrate binding to the metabolite-sensing 
domain, a structural reorganization of the RNA occurs that unveils (or sometimes masks) the 
gene-expression signal. There is, however an ongoing discussion as to whether the actual 
mechanism in vivo relies on such a rearrangement, or if the metabolite directs the folding of 
the de novo synthesized RNA co-transcriptionally into one or the other conformation(15). 
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The metabolite sensing domain (the aptamer) is the distinguishing feature of each 
riboswitch class - consisting of unique and highly conserved structural motifs - which 
accounts for the high specificity for its cognate ligand, rivalling that of the repressor 
proteins(16). E.g. the guanine-responsive riboswitch shows a preference for guanine over 
adenine by 20,000-fold similar to that of the purR repressor(17,18). Similarly all known S-
adenosyl-L-methionine (SAM) -responsive riboswitches discriminate between SAM and S-
adenosyl-L-homocysteine (SAH), which differ from each other by only a single methyl group 
and a positive charge on sulphur (Fig. 1.2)(19), an ability that competes the metJ repressor 
in gram-negative bacteria(20). This high specificity and selectivity of the riboswitch aptamers 
for their cognate metabolites can be accounted from the fact that almost every single 
functional group present in the metabolite molecule is recognized by the riboswitch aptamer 
during the binding event. 
 
In past years, the availability of a number of different high resolution crystal structures for 
various riboswitch aptamers with or without their cognate metabolites enabled us to 
Figure 1.2: Chemical structures of SAM and SAH. 
Figure 1.1: Schematic representation of A) transcription and B) translation regulating riboswitches. 
RBS: Ribosome Binding Site. 
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categorize these aptamers in two distinct types(6). The type-I riboswitches consist of a 
single, localized binding pocket supported by a largely pre-formed global fold. Therefore the 
conformational changes induced upon ligand binding are mainly confined to a small region of 
the aptamer. A representative example of this type is the purine riboswitch. In contrast, the 
type-II riboswitches contain ligand binding pockets that are split into spatially distinct sites 
and therefore metabolite binding induces severe changes in both local and global 
architecture of the aptamer. The thiamine pyrophosphate (TPP) responsive riboswitch is a 
representative example of this class (Fig. 1.3). 
 
1.1.1. The SAM riboswitch 
 
S-adenosyl-L-methionine (SAM) is the most common methylating reagent in cells and is 
exclusively involved in nucleic acid, protein and sugar methylation. The SAM-responsive 
riboswitches have proven to be one of the most widespread among various kingdoms of 
life(7). Although it is not clear why some riboswitches are widespread, while others are 
exceedingly rare, it can be expected that rare riboswitch classes might be the result of either 
a lack of need by a cell to sense that particular metabolite or the existence of other protein-
based sensing machineries for that metabolite. 
To date, five distinct classes (named as SAM-I to V) of SAM-responsive riboswitches 
have been discovered (Fig. 1.4)(19,21), and representatives of these classes have been 
Figure 1.3: Cartoon representation of ligand-induced tertiary conformational changes in Type I and 
Type II riboswitches. Helices are represented as cylinders, single-stranded regions are drawn as lines 
(black is ordered, green is disordered). The arrows indicate large motions. The purine riboswitch is a 
representative example of Type I class and the TPP riboswitch is a representative example of Type II 
class [adapted from ref. 6]. 
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found to strongly discriminate between SAM and S-adenosyl-L-homocysteine (SAH) which is 
the metabolic side-product when SAM is used as a cofactor in methylation reactions, 
although SAH lacks only a single methyl group and a positive charge on the sulphur 
compared to SAM (Fig. 1.2). However, some of these SAM-sensing riboswitch classes are 
only narrowly distributed in bacterial species, and they rarely coexist in the same organisms.  
 
The SAM-I motif is one of the most widespread among all different SAM sensing 
riboswitches (Tab. 1.1)(19). The aptamer of the SAM-I riboswitch belongs to the structural 
class of type-II. Therefore upon binding to SAM it undergoes global as well as local changes 
in its conformation. This riboswitch regulates genes that are involved in sulphur metabolism, 
which includes biosynthesis of cysteine, methionine and SAM itself. SAM is synthesized in 
cell from ATP by adenosyl methionine transferase. The SAM-I riboswitch motif regulates the 
expression of this enzyme, thereby providing a direct feedback regulation for SAM 
production. The SAM-I riboswitch aptamer is able to distinguish between SAM and SAH like 
all other SAM-responsive riboswitches. In chapter 2 we will address the folding dynamics of 
Figure 1.4: Consensus sequence and structural motifs of five different SAM-riboswitch aptamers 
[adapted from ref. 19, 21]. 
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this riboswitch upon binding to its cognate metabolite SAM by fluorescence resonance 
energy transfer (FRET)-based methods. 
Table 1.1: Phylogenetic distribution of SAM riboswitches. 
 
 SAM-I SAM-II SAM-III SAM-IV 
Acidobacteria X    
Actinobacteria X   X 
Bacteroidetes X X   
Chlorobi X    
Chloroflexi X    
Cyanobacteria X    
Deinococcus-Thermus X    
Fusobacteria X    
Firmicutes     
Bacillales X    
Clostridia X    
Lactobacillales X  X  
Mollicutes X    
Proteobacteria     
α-proteobacteria X X  ? 
β-proteobacteria  X   
δ/ε-proteobacteria X    
γ-proteobacteria X X   
 
 
1.2. FRET and folding studies of biomolecules 
 
Fluorescence resonance energy transfer (FRET) was first quantitatively described by 
Theodor Förster in 1948. FRET between donor and acceptor fluorophore takes place, via 
dipole-dipole interaction when they are within 10 nm of each other(22). The energy transfer 
efficiency is given by the equation 
 
where R is the distance between the dyes and R0 is the characteristic distance between that 
particular fluorophore-pair, also termed as Förster radius at which FRET efficiency, E = 0.5. 
As obvious from the above equation the FRET efficiency is directly dependent on the 
inter-fluorophore distance (Fig. 1.5). This information can be used to investigate various 
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biological systems for both intramolecular interactions, such as conformational dynamics of 
DNA, RNA and proteins, and intermolecular interactions of proteins with DNA, RNA and 
other ligands. Single molecule FRET (SM-FRET) is arguably the most general and adaptable 
among many other fluorescence techniques for biology(22,23). SM-FRET has been 
successfully applied to address various questions regarding the folding dynamics of many 
biologically important RNAs as well as in vitro selected ribozymes(24-29). Although a 
traditional two-colour FRET is useful in most instances, this theory can be extended towards 
three- (or multi-) colour FRET involving three or more fluorophores. In this case it is possible 
to find out the inter-fluorophore distances between three dyes (therefore between three 
different sections of a biomolecule) during the folding event. However, finding out three 
fluorophores which fulfil all spectroscopic requirements might not be a straight-forward task. 
 
1.3. Preparation of large site-specifically modified RNAs by splinted-ligation 
 
It is obvious that SM-FRET will require RNA molecules that are site-specifically labelled with 
donor and acceptor fluorophores for studying RNA conformational dynamics. Although 
phosphoramidite chemistry allows the site-specific introduction of a range of different 
modifications into short RNA, the same task remains a major challenge for larger RNAs(30-
34). Furthermore, having multiple fluorophores even in short RNAs can be troublesome 
during solid-phase synthesis. A straight-forward solution to this problem would be the ligation 
of multiple short fragments each carrying a single fluorophore – thereby generating the full-
length functional RNA modified site-specifically with donor and acceptor dye. 
Figure 1.5: FRET efficiency, E, as a function of the inter-dye distance (R) for Förster radius, R0 = 50 Å. 
Excitation of the donor dye with a laser will cause the donor either to fluoresce or to transfer energy 
to the acceptor dye, depending upon its proximity. The Förster radius (R0) indicates the distance (R) 
between the dyes, at which E = 0.5. At a smaller distance E > 0.5 and vice versa [adapted from ref. 22]. 
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 The ligation of RNAs can be achieved by chemical and enzymatic methods. The 
specificity during joining multiple fragments together can be achieved by bringing the reactive 
ends in close proximity to each other in correct order by hybridizing to a complementary 
splint oligonucleotide (Fig. 1.6). Among many different chemistries used for nucleic acid 
ligation the cyanogen bromide (BrCN) or the water soluble carbodiimide (EDC) method are of 
particular interest(35). Chemical ligation has also been successfully applied to prepare lariat 
DNA and RNA molecules(36,37). Although this sounds attractive, the reaction rate of 
chemical ligation often depends on the local environment of the nick (38). To improve the 
rate of chemical ligation, often non-natural, more reactive functional groups are introduced at 
the ligation joint(39).  
Contrary to chemical ligation, enzymatic ligation is more efficient and arguably the 
method of choice for preparing long RNA by ligation. Both proteins and nucleic acid enzymes 
can be used to ligate RNA strands(40,41). Although various different ligases have been 
isolated from many different organisms, those originating from the bacteriophage T4 are the 
best characterized and most highly used ligases in molecular biology, in particular for RNA 
ligation. T4 DNA ligase (T4 Dnl) catalyzes the repair of nicks in double stranded DNA in vivo. 
However, its activity is not restricted towards joining only DNA nicks in a double stranded 
environment. T4 Dnl is also reported to join nicks between two RNAs when hybridized over a 
DNA splint, albeit with a lower efficiency(42,43). This is due to the slow release of the 
product after ligation. Due to the higher ligation efficiencies, milder reaction conditions and 
the lack of need for unnatural functional groups at the ligation site for efficient ligation, 
enzymatic ligation is more popular than chemical ligation and surely the method of choice in 
modern molecular biology. 
A crucial point in ligation is the formation of a ligation competent complex (LCC) which 
consists of all ligation fragments correctly hybridized on a DNA splint. A previous study(42) 
indicated that the isolation of LCC from other intermediates (complexes resulting from 
incorrect annealing of the fragments  on a splint) can increase the ligation efficiency to >75 % 
per nick. However, it is obvious that for statistical reasons, the higher the number of ligation 
fragments involved, the lower would be the probability for correct LCC formation. Taking into 
account that a higher number of ligation fragments would proportionally increase the number 
of nicks to be sealed, the preparation of large RNAs modified site-specifically with 
fluorophores from many smaller modified and unmodified fragments by ligation can be highly 
challenging. 
The ligation of RNA fragments can also be achieved by T4 RNA ligase 1 (T4 Rnl1). In 
contrast to T4 Dnl, T4 Rnl1 is a single stranded ligase. In vivo this ligase is responsible for 
repairing the nicks in RNA hairpin loops, e.g. anticodon loops in tRNA. Many groups have 
successfully used this ligase for ligating RNA. Since T4 Rnl1 ligates only single stranded 
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RNAs it is not possible to achieve specificity in ligation involving multiple fragments unless a 
complementary DNA splint is used for which the enzymatic efficiency is extremely low due to 
the double stranded nature of the nick. In absence of a splint, circularization and 
concatenation are the most prominent reactions. Therefore a DNA splint, which forces the 
ligation joint to be locally single stranded has been used to achieve successful ligations (Fig. 
1.6)(44). Alternatively, the ligation fragments can be partially self templating and thereby 
adopting a hairpin like conformation where the ligation joint is situated in the loop region (also 
known as Y-ligation) (Fig. 1.6)(45). Albeit in a different context, T4 Rnl1 has been used to 
prepare circular ribozymes with increased activity, decreased divalent metal ion requirements 
and improved exonuclease stability(46). In addition, T4 Rnl1 can ligate single-stranded RNA 
or DNA to double stranded RNA. This is particularly useful to amplify double stranded 
RNA(47,48). 
 
Yet another RNA ligase isolated from the phage T4 is T4 RNA ligase 2 (T4 Rnl2). Unlike 
T4 Rnl1, T4 Rnl2 is a double stranded ligase and its RNA nick joining activity has been found 
to be a lot higher for double stranded substrates compared to T4 Rnl1 or T4 Dnl(43). In our 
experiments for preparing full-length dual fluorophore labelled riboswitches, we found this 
enzyme to be particularly useful (Chapter 2). 
Figure 1.6: Various RNA ligation schemes with reactive termini X and Y (left). Examples of different 
chemical and enzymatic RNA ligations (right) [adapted from ref. 40]. 
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1.4. Click chemistry – application towards nucleic acid functionalization 
 
1.4.1. Present challenges in site-specific nucleic acid functionalization  
 
Apart from the FRET-based biophysical studies described before, many other areas of 
research also make extensive use of site-specifically modified nucleic acids(2,49-52). Most of 
the chemical modifications have so far been introduced during solid-phase synthesis of 
nucleic acids by the phosphoramidite approach. Although it is possible to introduce a large 
number of modifications into short oligos(31,32) by this approach, the same task remains a 
major challenge for longer nucleic acids. This is because of the degenerative nature of the 
overall process which involves a large number of individual coupling, protection and 
deprotection steps, therefore the longer the nucleic acid, the higher the number of steps 
involved in synthesis, and the poorer the overall yield of the final product. The reason lies 
rather at the core of organic synthesis where most of the reaction trajectories cannot be fully 
controlled since the majority of chemical functionalities show a promiscuous reactivity 
towards a wide range of other functional groups, and the chemical reactivity for one particular 
functional group towards all others varies rather gradually than in discrete steps. This 
therefore leads to an uncontrolled reaction trajectory leading to not only many products but 
also insufficient yield for the desired compound. 
To circumvent these problems, synthetic chemists developed two different strategies 
– i) the use of protecting groups(53) which allows selective functionalization of a particular 
chemical entity in a pool of other functional groups and ii) the use of domino reactions(54). 
The former strategy is more popular among synthetic chemists since it offers a simpler 
reaction design and also gives the opportunity to deal with a wide range of functional groups. 
However this strategy exponentially increases the labor involved in synthesis due to the 
higher number of reaction steps and multiple intermediate purifications involved and 
ultimately leads to poor overall yield of the desired product. The latter strategy relies on 
sequential reactions, all happening in one reaction vessel where the product from the first 
reaction is used as the starting material for the successive reaction. But this strategy neither 
allows a straight-forward design of reaction cascades, nor manipulation of a diverse range of 
functional groups. However, both of these approaches suffer from the same degenerative 
nature as mentioned earlier, therefore, the higher the number of steps (domino or discreet) 
involved in a synthesis, the lower the overall yield of the product. 
A plausible solution to this problem would therefore involve the de novo chemical 
synthesis of only a small oligonucleotide carrying the required modification followed by the 
ligation of that fragment to a larger enzymatically prepared non-modified oligonucleotide to 
finally yield the full-length product carrying the site-specific modification (Section 1.3). 
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In contrary, Nature has evolved a wide range of highly specialized enzymes capable 
of modifying nucleic acids site-specifically(55). However, most of these modifications, 
although immensely important for biological function, do not have the required chemical 
functionalities to facilitate our understanding of biological mechanism at molecular detail. 
Therefore it would be extremely useful to manipulate these enzymes or their substrates in a 
way that will allow us to choose the chemical entity of our interest at the advent of nucleic 
acid modification.  
However there are two different issues to be addressed during site-specific enzymatic 
introduction of chemical modifications to nucleic acids – i) the modified substrate has to be 
accepted by the enzyme preferably with a comparable efficiency with respect to its natural 
substrate to ensure reasonable modification yield and ii) the inserted modification should 
cause only minimal changes to the nucleic acid molecule so that its function is preserved. 
While the second task can be achieved rather easily when bio-chemical and -physical data 
are available for that particular nucleic acid, so that one can easily find out certain regions in 
the sequence where modifications can be inserted without hampering its function, the first 
task poses a serious problem. Therefore, to expand the substrate tolerance of various 
enzymes often either the enzyme is mutated(56,57) or enzymatic reaction conditions 
(buffers, presence of various metal ions etc.) are severely manipulated(58-62). However, 
none of these approaches are quite desirable since the first involves laborious biochemical 
techniques required to produce these mutated enzymes which is applicable though for only 
one subset of modifications, thereby limiting their use as a universal enzyme capable of 
introducing every kind of modification one wishes to have, and in the second approach 
severe manipulations of an enzyme´s preferred reaction condition often lead to decreased, 
unpredictable or promiscuous enzymatic activity.  
One solution to the above mentioned problem is a two-step approach, where, at the 
first step only a small, but still chemically modifiable functional group causing only minimal 
structural changes with respect to the natural substrate is introduced and in the second step 
this functional group is converted to the desired modification via a selective chemical 
reaction. This two-step approach neither demands production of new mutated enzymes nor 
alteration of preferred reaction conditions, thereby both decreasing the labor involved in 
enzyme mutation and increasing the enzymatic reaction efficiency. Several different 
biocompatible reactions are developed for such purposes(63); notable examples include 
NHS esters, acyl azides and isothiocyanates for labeling with amines; maleimides, aziridines 
and halo-acetyl derivatives for labeling with thiols; hydrazine derivatives and Schiff-Base 
chemistry for labeling with aldehydes and ketones. However, this approach can potentially be 
degenerative since it requires multiple steps (in fact many of these reactions often do not 
lead to quantitative reaction yield); additionally none of the above mentioned conjugation 
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reactions are completely orthogonal to all other functional groups present in the biomolecule, 
therefore leading to many side products and poor labeling efficiency.  
 
1.4.2. Click chemistry as a reliable tool in biomolecule labeling – bioorthogonal 
click reactions 
 
These problems of chemical promiscuity can be surmounted by the use of ``Click 
Chemistry`` as mentioned by Sharpless and coworkers in 2001(64). Originally ``click 
reactions`` are defined as a ``set of powerful, highly reliable, and selective reactions for the 
rapid synthesis of useful new compounds and combinatorial libraries`` (64). Click chemistry 
is not limited to a specific type of reaction, but stands for a synthetic philosophy that 
comprises a range of reactions, with different reaction mechanisms leading to different 
products but with common reaction trajectories. Click reactions are driven by a high 
thermodynamic driving force (>20 kcal mol-1) therefore ensuring quantitative reaction yields in 
most cases, which might improve the inherent degeneracy of a multi-step chemical 
synthesis. A sub-group of click reactions, known as bio-orthogonal click reactions, has to 
meet an even more rigorous set of requirements, namely high reactivity, orthogonality 
(therefore selectivity) to other functional groups present in a biological system, compatibility 
with water and other protic solvents, quantitative reaction yields leading to stable and non-
toxic products. Moreover, these reactions should preferably involve non- (less) - toxic 
reagents and small reactive groups, thereby causing only minimal structural changes to the 
modified substrate compared to its natural analog and therefore increasing the likelihood of 
these modified substrates being accepted by the enzyme. To achieve most of these criteria, 
the majority of click reactions involve reactive groups which are absolutely abiotic. Once all 
(or majority) of these requirements are fulfilled, bio-orthogonal click reactions can be used as 
a universal ligation/conjugation strategy in molecular biology. 
These bio-orthogonal click reactions can further be sub-divided into two categories – 
i) reactions involving functional groups which are completely stable towards each other and 
can react only in presence of a certain external chemical or photochemical trigger, 
``Triggered Click Reaction`` and ii) the functional groups involved have high mutual reactivity 
and do not require any further external trigger for efficient conjugations, ``Non-triggered Click 
Reaction``. Both of these two classes of reactions have their advantages and disadvantages, 
and therefore the right choice of a click reaction depends on the specific applications. Non-
triggered click reactions can be converted to their triggered versions by chemical 




1.4.3. Copper catalyzed azide alkyne cycloaddition (or stepwise ligation) 
(CuAAC) for labeling oligonucleotides 
 
The 1,3-dipolar cycloaddition reaction between terminal alkynes and azides without the need 
of any transition metals to form regioisomeric triazoles, as described by Huisgen et al. (67), is 
a concerted π4s-π2s cycloaddition. This reaction has a very slow reaction rate and needs 
elevated temperature and prolonged reaction time. Formation of the regioisomeric products 
is indeed in accordance to a concerted cycloaddition since in case of alkyne and azide as 
dipolarophile and dipole, energetically the reaction can be both dipole-HOMO or dipole-
LUMO controlled(68). The rate of such cycloadditions is determined by the energy to distort 
the reactants to the transition state geometry rather than FMO interactions or reaction 
thermodynamics. However, the same reaction, when performed in presence of Cu(I) reaches 
a tremendous rate acceleration leading to a single 1,4-disubstituted triazole. This copper 
catalyzed version does not need elevated temperature or prolonged reaction time and is 
tolerant towards a wide range of pH and solvents including water (69,70). 
Mechanistic studies as well as theoretical calculations favor a stepwise reaction 
(therefore ligation) rather than a concerted cycloaddition(70). This reaction has been 
optimized at different levels by Sharpless and coworkers(64,71-78) and in the past decade 
CuAAC has become the most widely used among click reactions for synthesizing 
combinatorial libraries of drug-like small molecules(71,79) as well as in diverse 
biotechnological applications involving protein, nucleic acid and carbohydrate molecules(80-
84). CuAAC offers a range of advantages, namely i) the triazole product is very stable, ii) the 
molecular dimension of 1,4-disubstituted triazoles is somewhat similar to amide bonds in 
peptides in terms of distance and planarity(85), iii) the reactive alkyne and azide functional 
groups are completely abiotic, therefore minimizing the probability of unwanted side 
reactions with other functional groups present in the biomolecule, iv) in spite of their high 
mutual reactivity in presence of Cu(I), alkyne and azide are very stable towards a wide range 
of functional groups and reaction conditions, v) both alkyne and azide functional groups are 
very small, therefore substrates carrying any one of these two modifications have only 
minute structural differences compared to their natural analogs which in turn increases their 
likelihood of being accepted as substrates by various enzymes. 
However CuAAC also has certain limitations – i) it involves copper which is toxic 
towards cells since copper can generate radicals in aqueous media in presence of oxygen 
which can lead to nucleic acid backbone scission. In fact, a copper-phenanthroline complex 
had been used as artificial nuclease for footprinting DNA-protein interactions(86,87). ii) Since 
Cu(I) salts are poorly soluble in water the majority of the CuAAC protocols involve in situ 
generation of Cu(I) by reducing Cu(II) with sodium ascorbate or ascorbic acid. However, 
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ascorbate derivatives are toxic as well, since they are capable of initiating Fenton´s 
chemistry in presence of oxygen and transition metals, thereby leading to nucleic acid 
scission(88-90). Moreover Cu(II) is capable of being strongly coordinated by histidine which 
in fact has been used for affinity precipitation as an initial step in certain protein 
purifications(91). Additionally, Cu(II) is capable of oxidizing imidazole to 2-imidazolone(92) 
which can cause protein-protein histidine-lysine cross-link, since the 2-imidazolone moiety 
from oxidized histidine is prone to nucleophilic attack by the ε-amino of lysine(93).  
For reducing Cu(II) to Cu(I) other phosphine- or disulfide-based reducing agents have 
been used in few cases, however these reducing agents are not quite desirable since 
phosphine-based reagents can also reduce the reactive azide (similar to Staudinger 
reaction)(94,95) and disulfide-based reagents lead to the generation of thiols which are good 
copper-coordinating ligands therefore the Cu(I) formed in situ would not be available for 
catalysis. 
To circumvent many of these problems, various copper stabilizing ligands have been 
introduced(74,96-99), therefore converting this ``ligand-free`` reaction(100) to a ``ligand-
accelerated metal-catalyzed`` reaction(101). These ligands are meant to stabilize Cu(II) and 
Cu(I), as well as to keep the harmful ascorbate oxidation products low, thereby providing 
more biomolecule friendly reaction conditions(102). However Cu(I) should not be too well 
stabilized, otherwise it would not be available for coordination with alkyne and azide and 
therefore catalysis (Chapter 3). 
With these advancements in CuAAC, this reaction has been successfully applied in 
various studies involving DNA(83). A range of different pyrimidine(103) phosphoramidites 
bearing alkynes were synthesized and incorporated in solid-phase DNA synthesis, thereby 
enabling site-specific modification of short DNA. Also, various triphosphates bearing either 
alkyne or azide were synthesized and incorporated in primer extension studies, thereby 
enabling random modification of long DNA(104,105). Moreover, these statistically modified 
DNAs can be used to prepare uniformly metallized DNA(106), gold nanoparticle DNA 
conjugates(107) and to immobilize DNA on a glass-surface in a pre-defined 
micropattern(108). 
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1.4.4. Copper-free click reactions 
 
Despite of all aforementioned successes with CuAAC, the cytotoxicity of copper has 
somewhat restricted the use of this reaction to in vitro applications. However, there is another 
group of bioorthogonal reactions that are cycloadditions lacking exogenous metal catalysis - 
the so-called copper-free click reactions. Exogenous metals can have severe cytotoxic 
effects and can thus disturb the delicate metabolic balance of the systems being 
studied(109). The azide functional group is of notable interest in this regard since it can also 
participate in many other metal-free click reactions, e.g., Bertozzi-Staudinger ligation(110) 
and strain promoted azide alkyne cycloadditions (SPAAC)(111). However, the relatively slow 
kinetics of the two abovementioned click reactions limited their use to probe fast biological 
processes.  
The rate of a cycloaddition can be improved either by modulating the reactant orbital 
energies or by imposing ring-strain to the reactants. Ring-strain is indeed the reason for an 
efficient reaction between cyclooctynes and azides compared to traditional Huisgen 
cycloaddition between terminal alkynes and azides. To further improve the reactivity of the 
cyclooctyne, electron withdrawing groups (e.g., fluorine) have been introduced into the 
cyclooctyne moiety, thereby lowering the LUMO energies(112,113). And to improve the 
water-solubility of these cyclooctynes, various heteroatom substituted cyclooctynes have 
also been synthesized(114).  
Similarly, the reactivity of cyclooctynes can also be improved by imposing further ring 
strain. For this purpose various (di)benzocyclooctynes have been synthesized and applied 
for biomolecule labelling(115-117). 
A relatively new reaction in the field of metal-free click reactions is based on the 
inverse electron demand [4+2] cycloaddition between 1,2,4,5-tetrazines and strained 
dienophiles, such as norbornene, cyclooctyne and trans-cyclooctene(118-124). Generally, 
these cycloadditions are faster than the previously described strain promoted cycloadditions. 
Moreover, these reactions work efficiently in aqueous solutions and in serum. Although the 
initial studies for these reactions were performed in organic solvents like dioxane, the rates of 
these reactions were reported to be enhanced by the addition of water(125). A driving force 
for this reaction is the liberation of nitrogen from the tetrazine residue during the reaction. 
Additionally, the tetrazine reaction with dienophiles can be followed spectroscopically by the 
disappearance of an absorption band between 510 and 550 nm(126). This UV-property of 
tetrazines has been exploited to design fluorogenic probes(120). It is noteworthy here that 
fluorogenic probes are far more attractive choices for intracellular labelling due to their low 
background signal. Due to its unprecedented reaction rate, yet high selectivity in a biological 
environment, its metal-free nature and fluorogenic properties, this reaction has been widely 
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used in various applications(127-131). We used this reaction in combination with CuAAC for 
simultaneous double labelling of DNA (Chapter 4). 
 
1.5. Experimental RNomics 
 
Riboswitches, as described before, a solely RNA-based metabolite sensing gene regulatory 
system, currently account for about 3-4 % of the total gene regulation for certain prokaryotes. 
Apart from their aforesaid abundance, the scope of these regulatory mechanisms is also of 
equal interest(132,133). Although there is much effort in elucidating the structures and 
mechanisms by which riboswitches work, only little work has been performed to develop 
experimental strategies to isolate these riboswitches. All known riboswitches have been 
discovered by rational approaches, followed by experimental verification of candidates, and 
not by a random experimental screening strategy. These discoveries were made by either 
investigating mRNAs in pathways where biochemical evidence showed regulation, but no 
protein regulator had been found, or by genetic screens. Biocomputational approaches were 
mainly applied to find known aptamer motifs in genomes, to find known riboswitch types in 
different organisms, or to detect conserved structural elements in the untranslated regions 
(UTRs) of mRNAs(134-136). Given the fact that the de novo prediction of RNA three-
dimensional structure from sequence is quite inaccurate in the absence of reference 
structures, it can be assumed that many more riboswitches exist that have not been 
discovered so far, and that may not be identified at all by the aforementioned approaches. 
The investigation of metabolite-sensing RNAs in prokaryotes might enable us to 
design new antibiotics because such RNA systems appear to be absent in humans. One 
example of an antibiotic acting on riboswitches is PTPP (pyrithiamine pyrophosphate), a TPP 
analogue that functions by blocking the binding site of the TPP-sensing riboswitch, thereby 
shutting down thiamine metabolism in bacteria(13,137,138).  
As mentioned earlier, all riboswitches contain a simple modular architecture – a 
metabolite sensing aptamer domain and a gene regulatory expression platform. Generally, 
the aptamer domain binds its cognate metabolite with a very high affinity, often multiple 
orders of magnitude higher than their in vitro selected counterparts. Therefore, a straight-
forward approach would involve an affinity purification of cellular RNA extracts, exploiting the 
strong binding of the metabolite by its cognate aptamer. To this end, genomic SELEX could 
be an attractive strategy. 
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1.5.1. Genomic SELEX 
 
Genomic systematic evolution of ligands by exponential enrichment (Genomic SELEX) is an 
experimental tool for expression of condition-independent genomic RNA aptamers. This 
approach has been successfully applied for the isolation of protein-binding RNA (139-142). 
The principle of genomic SELEX has been elaborated in figure 1.7. RNA libraries derived 
from genomic DNA are generated via random priming, PCR amplification and in vitro 
transcription. The DNA library consists of genomic sequences of selected size flanked by 
constant primer binding sequences required for amplification and transcription. The 
transcribed RNA pool is subjected to several rounds of selection and amplification to enrich 
for RNA sequences with desired small molecule binding activity. Since in this approach the 
RNA sequences are transcribed in vitro from genomic DNA, the expression of such small 
molecule binding RNAs is independent from in vivo conditions.  
 
However, there are two major obstacles in using genomic SELEX for riboswitch 
discovery. i) Although for riboswitches the metabolite-aptamer binding has been reported to 
be very strong (often with a low nanomolar Kd), these measurements are exclusively 
performed in vitro and under thermodynamic equilibrium conditions. Therefore in vitro SELEX 
binding conditions designed from these data might not reflect the actual scenario in vivo. ii) 
Genomic SELEX requires immobilization of the bait (in this case the metabolite) on a solid-
support, whereas in almost every example of riboswitch-metabolite recognition the 
Figure 1.7: Overview of the genomic SELEX process for isolating protein-binding genomic RNA 
aptamers. a) Transcription from the genomic DNA pool; b) counter selection to remove RNAs with 
unspecific binding to the membrane; c) incubation with bait-protein; d) selection of sequences via 
filter binding; e) selected RNAs are recovered by denaturing the bait-protein; f) reverse transcription 
and g) PCR followed by either characterization of the selected sequences or continuation to the next 
round [adapted from ref. 129] 
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metabolite has been found to be completely encapsulated by the riboswitch. Immobilization 
of the metabolite to a solid-support even through a long linker might severely hamper the 
metabolite binding of the riboswitch. 
The aforesaid disadvantages prevented us from taking a genomic SELEX approach 
for fishing out riboswitches. Therefore we have adapted to a photoaffinity tagging approach 
as described below. 
 
1.5.2. Affinity tagging, photocrosslinking and affinity-based chemical RNomics 
 
Affinity tagging is one of the major workhorses of preparative biochemistry and is routinely 
used in every laboratory to facilitate the isolation of over-expressed proteins. Selected 
examples are the His-tag and the Strep-tag(143). In nucleic acid biochemistry, similar tags 
have been developed(144), but these have found only limited use, since methods based on 
hybridizing complementary oligonucleotides are simple and reliable. 
Photocrosslinking is a powerful methodology for probing structural features of 
biological systems in aqueous solution(145,146). Several studies report the use of such 
techniques for mapping RNA structural neighbors in three-dimensional space, and for 
identifying important tertiary interactions. In combination with an affinity tag, 
photocrosslinking was also used to study mRNA-protein interactions(147-150).  
One of the more commonly used methods in protein enzymology is photoaffinity 
crosslinking, in which photoreactive compounds with high affinity to the active site or a 
binding pocket are used to explore the direct vicinity of the catalytic center. In RNA 
enzymology, however, photoaffinity crosslinking has so far only been used for RNA-cleaving 
ribozymes, applying a photo-reactive RNA substrate strand(151).  
Activity(affinity)-based protein profiling has been developed rather recently and is 
basically the protein equivalent of what we hope to establish here with RNA: Metabolites  are 
derivatized with a (photo-)reactive group and an affinity tag, allowed to bind to their cellular 
targets (in this case riboswitches), purified, and then identified by sequencing. In chapter 5 
we will describe our convergent synthetic approach for synthesizing a library of different 
photoaffinity probes followed by affinity tagging by UV-irradiation. After this step, the target 
RNA sequences are affinity purified from other unrelated sequences, and then subjected to a 
ligation protocol to attach constant sequences at each end required for amplification. The 
amplified RNA sequences are to be tested in vitro for their biological properties. 
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1.6. Goals and current work  
 
In this work we first sought to investigate the folding dynamics of riboswitches by bulk and 
SM-FRET (section 1.2 and chapter 2). This requires the synthesis of large site-specifically 
functionalized structured RNAs for which we have established ligation strategies (section 1.3 
and chapter 2). At this point we realized the limitations of existing nucleic acid 
functionalization strategies (section 1.4.1). Therefore we decided to use bioorthogonal click 
reactions as part of our functionalization strategy. We first had to find the best click reaction 
for our purpose among various different click reactions and to optimize its conditions (section 
1.4 and chapter 3). Having the optimized click reaction conditions at hand, we developed 
chemo-enzymatic strategies to site-specifically functionalize long RNAs (chapter 4). In 
addition to this, we developed a chemical approach using two different mutually orthogonal 
click reactions for concurrent, site-specific labelling of DNA molecules with multiple 
fluorophores which might be suitable for FRET-based biophysical studies involving DNA in 
the future (chapter 4). In summary, we developed enzymatic strategies for site-specific 
transfer of clickable residues to long RNAs. We extended this strategy of enzymatic, site-
specific transfer of clickable residues to long RNAs towards photochemical transfer of 
clickable moieties to a target RNA in a mixture of many unrelated sequences (section 1.5.2 
and chapter 5). This technique, which we call ``Affinity-based Chemical RNomics`` is a 
chemical approach in experimental RNomics whereby riboswitch sequences for a given 
metabolite are to be isolated from a total RNA isolate of any organism just by the virtue of its 
tight binding to its cognate metabolite and without any prior knowledge of its sequence. 
 19 
2. Conformational dynamics of riboswitches analyzed by FRET 
 
 
2.1. Riboswitch mediated gene regulation strictly requires the expression platform 
 
The dynamics of RNA structure are of widespread interest in all domains of life science(1,2). 
As mentioned previously (Section 1.1) the simple modular architecture of riboswitches made 
them ideal candidates for folding study. 
In vitro investigations show, that upon substrate binding to the metabolite-sensing 
domain, a structural reorganization of the RNA occurs that unveils (or sometimes masks) the 
gene-expression signal. There is, however an ongoing discussion as to whether the actual 
mechanism in vivo relies on such a rearrangement, or if the metabolite directs the folding of 
the de novo synthesized transcript into one or the other conformation(15). 
From the above, two questions can be formulated, which have been the central 
interest ever since riboswitches were first discovered(137,152), namely: how is the 
metabolite recognized, and how does binding of the substrate trigger gene regulation. 
Although the answer of the first question can be obtained from various high-resolution X-ray 
structures(138,153-161), the answer to the second question is still missing since majority of 
the aptamer crystal structures are resolved without the expression platform and in most 
cases with their cognate metabolite. Therefore very little is known for the ligand-unbound 
state of a riboswitch and especially the dynamics of metabolite-induced rearrangements 
which is responsible for the gene regulation in vivo. Ideally the determination of rate-
constants of certain folding events might finally give us the true picture of riboswitch 
mediated gene regulation. Therefore we decided to study the folding dynamics of a complete 
riboswitch (aptamer + expression platform) upon binding to its cognate metabolite and not 
only with the aptamer, as has been pursued in many previous studies(162-171). 
 
2.2. The SAM-I riboswitch 
 
The SAM riboswitches are the most common among all riboswitches(7,19). Additionally, the 
widespread distribution of the SAM-I motif (Section 1.1.1) among all different SAM sensing 
riboswitches arguably makes this RNA an ideal candidate for further folding study. Since our 
laboratory has successfully applied SM-FRET for studying RNA folding dynamics(24-29), we 
decided to take a similar approach in this case. Additionally, FRET-based methods are most 
efficient for studying global rather than local conformational changes and SAM-I aptamer 
motif belongs to the structural class of type-II (Section 1.1) which undergoes a global change 
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in its architecture upon metabolite binding. These two points together led us to assume that 
the SAM-I riboswitch is indeed a very good candidate for such analysis. 
 The SAM-I riboswitch regulates various genes that are involved in sulfur metabolism 
and is able to distinguish between SAM and its closely related analog SAH (Section 1.1.1). 
The SAM-I riboswitch from Bacillus subtilis regulates gene expression by pre-mature 
transcription termination(172-174). The regulating element (i.e. the expression platform) is a 
stem-loop structure followed by a stretch of five to nine uridine residues and is stabilized 
upon ligand binding(175,176). 
 The aptamer depicts a single four-way junction, in which two pairs of coaxially 
stacked helices (P1-P4 and P2-P3) pack closely against each another (Fig. 2.1).  
  
In the crystal structure of the SAM-I riboswitch it was observed that its global architecture is 
achieved via tertiary interactions between L2, J3/4 and J1/4(177). A conserved kink-turn 
motif (also called the GA-motif)(178) within the P2 stem enables the corresponding L2 to 
dock with J3/4 via a pseudoknot interaction thereby stabilizing the global fold(166,179). SAM 
is embedded in the grooves of P1 and P3 with additional contacts contributed by junction 
residues (Fig. 2.1 B). 
Earlier it was proposed that the P1 stem is only formed in the presence of SAM (Fig. 
2.2)(166). In absence of the ligand, the 3´-end of P1 stem forms an anti-terminator resulting 
in transcription of the downstream mRNA(179). However, the crystallographic structure is 
known only for the aptamer in its ligand-bound state(179). The complete riboswitch as well 
as the aptamer in their ligand unbound state are likely to be too flexible for crystallographic 
structure determination. Therefore, analyzing ligand induced folding dynamics of the SAM-I 
Figure 2.1: SAM-I riboswitch aptamer. A: Consensus sequence and secondary structure model of 
the SAM-I riboswitch. The nucleotides highlighted in yellow were observed to contact SAM ligand 
directly. Nucleotides that participate in pseudoknot formation are shaded in orange. Solid round 
lines at the ends of P3 and P4 stems indicate variable stem loops. B: Atomic resolution structure 
for the SAM-I riboswitch aptamer of Thermoanaerobacter tengcongensis. The structure models 
are shown as ribbon diagrams and the ligand is present as spheres. Pairing elements and joining 
regions are indicated. Legend: KT = kink-turn motif [adapted from ref. 6 and 7]. 
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riboswitch might be a challenging task, because of the unknown structure of the ON state of 
this riboswitch (Fig. 2.2). 
 
2.3. Choice of suitable dye positions - combinatorial construct design 
 
We have chosen the C-5 position of uridine for attachment of the respective fluorophores via 
a C6 linker. On the contrary to some of our previous studies(29), the uridine residues 
containing the dye labels bear a 2´-OH to ensure minimal structural changes compared to 
the wild-type riboswitch. The nucleotide positions in the riboswitch have been chosen after 
careful analysis of the previously published X-ray structure(179) and biochemical 
data(175,176) on this RNA motif. However the crystal structure was published for SAM-I 
motif from Thermoanaerobacter tengcongensis and biochemical experiments were 
performed for the same motif but from Bacillus subtilis. Since these two sequences slightly 
differ from each other, we have created a translation map between these two sequences for 
estimating the inter-fluorophore distances in our designed constructs which is based mainly 
on the sequence from Bacillus subtilis (Fig. 2.3). 
Figure 2.2: Schematic representation of the ligand-induced SAM-I riboswitch premature 
transcription termination. The structure in the ON state (left) and the structure in the ligand 
bound or OFF state (right) are depicted [adapted from ref. 166]. 
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We have taken Cy3 and Cy5 as a FRET pair for which the Förster radius was 
reported to be 56 Å (180). The dye positions are chosen in a manner that the estimated inter-
fluorophore distances are close to the Förster radius of the dyes (Fig. 1.5). A combinatorial 
map of all six different constructs and estimated inter-dye distances were shown in figure 2.4. 
Since the crystal structure was resolved only for the aptamer, it was not possible to estimate 
the inter-fluorophore distances in case of constructs carrying dyes in the expression platform 
(Fig. 2.4). As can be seen from the X-ray structure, the aptamer in its ligand bound state 
consists of two pairs of coaxially stacked helices (P1-P4 and P2-P3)(179). To our rationale, 
the stacking of P1-P4 and P2-P3 can happen even in the absence of SAM and ligand binding 
induces these two pairs of coaxially stacked helices to pack closely against each other 
around a single four-way junction. Therefore placing the FRET-pair in such preformed 
coaxially stacked helices (i.e. either on P1-P4 or on P2-P3) might not be beneficial since we 
wanted to monitor ligand induced conformational changes by monitoring the changes in 
FRET (which strictly requires distance changes between the donor and acceptor 
fluorophores) while ligand binding should not alter the pre-formation of such a pair of 
coaxially stacked helices. 
Figure 2.3: Translation map from B) the X-ray structure [sequence from Thermoanaerobacter 
tengcongensis] to A) the secondary structure [sequence from Bacillus subtilis] of the SAM-I 
riboswitch. Same color code depicts similar regions in the structure. 
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2.4. Preparation of dye-labeled riboswitches by splinted ligation 
 
For assembling various dye-labeled SAM-I riboswitch constructs a splinted ligation scheme 
consisting of five different ligation fragments and one splint covering the complete riboswitch 
(Fig. 2.4) was used.  
To obtain sufficient amount of ligated products for all downstream biophysical 
experiments the splinted ligation scheme was optimized at several levels. The RNA ligase 
reaction mechanism has been briefly shown in figure 2.5. 
 
Figure 2.4: A: Combinatorial map of all SAM-I riboswitch constructs from Bacillus subtilis. B: 
Crystal structure of the SAM-I riboswitch aptamer of Thermoanaerobacter tengcongensis. 
Distances are depicted in Å. SAM is represented as a bluster of grey spheres and the Cy5 dye as 
red and the Cy3 dye as yellow sphere (B).The ligation joints are indicated with black lines in the 
combinatorial map (A). 
Figure 2.5: Pathway of nucleotidyl transfer to polynucleotide 5´-ends catalyzed by RNA ligase. In 
the first step the enzyme (E) attacks the alpha-phosphate (p) of ATP (pppA) to form a covalent 
Enzyme-AMP intermediate (EpA) thereby releasing a pyrophosphate moiety (PPi). In the second 
step EpA transfers the AMP moiety to a 5´-phosphate of the donor RNA forming the AppRNA 
intermediate. Finally the 3´OH of the acceptor RNA attacks the alpha-phosphate of AppRNA to 
form the RNApRNA ligation product thereby releasing an AMP moiety. 
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The ligation reaction was optimized at five different levels, as summarized in table 
2.1. At the first optimization step T4 RNA ligase 2 (T4 Rnl2) was used instead of 
T4 DNA ligase (T4 Dnl). Although T4 Dnl was used previously in our lab for ligating highly 
structured small RNAs over a DNA splint (42), its nick-joining activity was found to be far less 
compared to T4 Rnl2 (43). As a second optimization, the concentration of ATP in the ligation 
reaction mixture was varied together with an optimization for T4 Rnl2 incubation time. At the 
third optimization stage the DNase I digestion period was adjusted followed by the variation 
of T4 Rnl2 concentration in the ligation reaction mixture as fourth level of optimization. 
Finally, an increase in ligation yield could be achieved by the omission of phenol-ether 
extraction after enzymatic phosphorylation of the dye-labeled donor RNAs. 
 
Table 2.1: Optimizations for 5-way splinted ligation of SAM-riboswitch constructs. Changes in reaction 
conditions are highlighted in yellow. Each optimization step (except for Opt. 1) involved at least one change in 
the depicted reaction conditions.1 
  
Optimization step 
DNase I digestion 
time 







Opt. 1 (Fig. 2.6) 30 min 3.6 µM 0.5 h 1.2 - 1.7 mM + 
0.5 h 
Opt. 2 (Fig. 2.7) 30 min 3.6 µM 
4 h 
50 µM + 
Opt. 3 (Fig. 2.8) 15 min 3.6 µM 1 h 50 µM + 
Opt. 4 (Fig. 2.9) 15 min 0.5 µM 1 h 50 µM + 
Opt. 5 (Fig. 2.10) 15 min 0.5 µM 1 h 50 µM - 
*phenol-ether extraction after enzymatic phosphorylation of the dye-labeled RNAs 
 
It was observed that T4 Rnl2 has a 1000-fold higher rate of ligation [mol nicks joined/ 
mol protein/ min] for ligating RNA fragments over a DNA splint at 37 °C compared to 
T4 DNA ligase (43). Thus, we exchanged T4 Rnl2 against T4 Dnl in our ligation protocol (Fig. 
2.6). In the first ligation reaction the yield for the full-length riboswitch was 1 % and that for 
the 4-way ligated product was 16 % (Fig. 2.6). Indeed, these yields are substantially higher 
compared to previous experiments with T4 DNA ligase. 
                                                 
1 This part of the work has been performed together with Marika Ziesack 
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To further improve the yield of ligation product the ATP concentration was varied. 
Previous biochemical studies (181) involving T4 Rnl2 revealed a negative effect of ATP on 
the T4 Rnl2 ligation efficiency. During the ligation reaction, T4 Rnl2 catalyzes the formation 
of adenylated2 RNA (AppRNA) as an intermediate product (Fig. 2.5). T4 Rnl2 is prone to 
dissociate from the AppRNA. An immediate binding of ATP to the enzyme precludes the 
ligase from rebinding the AppRNA to perform the subsequent nick joining. Consequently, at 
higher ATP concentration the AppRNA accumulates, which in turn leads to a decrease in the 
ligation yield. In order to avoid this phenomenon, the ATP concentration in the ligation 
reaction mixture was reduced from 1.2 – 1.7 mM to 50 µM (Fig. 2.7). Moreover previous 
studies (182) revealed that 15 min after the commencement of the ligation reaction two third 
of the available RNA ends were sealed by T4 Rnl2, which suggests a high catalytic 
efficiency. Therefore to test the time dependence of T4 Rnl2 ligation, the reaction mixture 
was incubated either for 0.5 or 4 h (Fig. 2.7). The yield for the full-length riboswitch after 0.5 
or 4 h of incubation was 5 % in both cases and that of 4-way ligated product was 12 % (Fig. 
2.7). 
                                                 
2 ``Adenylylated`` has been abbreviated throughout this document as ``adenylated`` for easier reading. 
Figure 2.6: Five-way splinted ligation of dye-labeled SAM-I riboswitch using T4 RNA ligase 2. The 
reaction conditions are depicted in table 2.1, Opt. 1. A: PAGE analysis of the crude ligation mixture 
after digesting the DNA splint. The slowest moving band corresponds to the full riboswitch 
whereas all other faster moving bands correspond to incompletely ligated intermediate products 
as indicated. B: Yields of the full riboswitch (dark grey) as well as the 4-way ligated product (light 




Since there was no detectable difference between the 0.5 h and 4 h of ligation time, 
all following ligation reactions were performed for 1h. Additionally since the overall yield of 
both full-length riboswitch as well as 4-way ligated product was increased compared to the 
first optimization step (Fig. 2.6), all following ligations were performed at a ATP concentration 
of 50 µM in the ligation mixture. 
 We observed degradation of ligated riboswitch constructs upon prolonged incubation 
with DNase I which has also been hinted in a previous study (42) involving T4 Dnl, plausibly 
due to a slight contamination of RNases in the preparation of DNase I. We observed a 
digestion period of 15 min (in contrast to previous experiments with 30 min DNase I digestion 
time) is sufficient for complete removal of the DNA splint (as revealed from the fluorescein-
channel scan in figure 2.8). Therefore in all following experiments a 15 min of DNase I 
digestion period was employed. 
Figure 2.7: Varying ATP concentration and ligation time. ATP concentration was reduced from 
1.2 – 1.7 mM to 50 µM. Ligation time is either 0.5 h or 4 h. The reaction conditions are depicted as 
in table 2.1, Opt. 2. A: PAGE analysis of the crude ligation mixture after digesting the DNA splint. 
The slowest moving band corresponds to the full riboswitch whereas all other faster moving 
bands correspond to incompletely ligated intermediate products as indicated B: Yields of the full 
riboswitch (dark grey) as well as the 4-way ligated product (light grey) were calculated by using 




Previous studies of T4 Rnl2 revealed that a relatively low RNA to enzyme ratio led to 
quantitative ligation yield for overlapping conglomerate ligation(183). Therefore, in our assay 
the T4 Rnl2 concentration was reduced from 3.6 µM to 0.5 µM resulting in RNA to enzyme 
ratio of 1:0.05 (Fig. 2.9). Although this change in enzyme concentration did not improve the 
ligation efficiency, it can be concluded from this experiment that similar ligation efficiency 
could be achieved by using seven fold less enzyme. Therefore in all following experiments 
T4 Rnl2 concentration was maintained at 0.5 µM in the ligation reaction mixture. 
 
 As observed earlier in our experiments, high ATP concentration led to a decrease in 
ligation efficiency by T4 Rnl2 (Fig. 2.7) - therefore it is mandatory to purify the dye labelled 
RNAs after enzymatic phosphorylations since the kinasing reaction mixture contains 2 mM 
Figure 2.8: Variation of DNase I digestion time. The reaction conditions are depicted in table 2.1, 
Opt. 3. Samples of the same ligation reaction mixture were taken after 0, 15 and 30 min of 
DNase I digestion. A: PAGE analysis of the crude ligation mixture. The slowest moving band 
corresponds to the full riboswitch whereas all other faster moving bands correspond to 
incompletely ligated intermediate products as indicated. A smear over complete lane of 0 min in 
all three channels indicates the presence of the DNA splint. B: Yields of the full riboswitch (dark 
grey) as well as the 4-way ligated product (light grey) after either 15 min or 30 min DNase I 
digestion time were calculated by using the Cy5 scan in A. 
 
Figure 2.9: Reduction of T4 Rnl2 concentration. T4 RNA ligase 2 concentration was reduced from 
3.6 µM to 0.5 µM. Reaction conditions are depicted in table 2.1, Opt. 4. A: PAGE analysis of the 
crude ligation mixture after digesting the DNA splint. The slowest moving band corresponds to the 
full riboswitch whereas all other faster moving bands correspond to incompletely ligated 
intermediate products as indicated. B: Yields of the full riboswitch (dark grey) as well as the 4-way 
ligated product (light grey) were calculated by using the Cy5 scan in A. 
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ATP to ensure quantitative phosphorylation [the presence of a phosphate group is also 
compulsory for successful ligation (Fig. 2.5) thereby demanding the quantitative 
phosphorylation of the dye labeled RNAs as an absolute requirement]. However we 
envisioned that the removal of polynucleotide kinase (PNK) might not be necessary, 
therefore the omission of phenol-ether extraction to remove the PNK prior to ethanol 
precipitation of the phosphorylated RNAs might lead to an increase in ligation yield. Indeed in 
a comparative assay we observed a higher ligation yield (Fig. 2.10) for both full-length 
riboswitch as well as 4-way ligated product for non-extracted samples. 
 
By pursuing the above mentioned optimizations (Tab. 2.1) the overall ligation yield of 
a 169 nucleotide long riboswitch was increased from 1 % (Fig. 2.6) to 10 % (Fig. 2.9). This 
optimized splinted-ligation toolbox, consisting of five 33-34 nucleotide long ligation fragments 
and one splint covering the complete ligation region, was used to synthesize various dual-
labelled SAM-I riboswitch constructs in high yields for bulk as well as single molecule FRET 
measurements.  
All optimization ligations were performed in a volume of 20 µl whereas preparative 
ligations were performed in 300 µl. The technical difficulties e.g., precipitation efficiency and 
losses during various extractions became negligible during preparative ligations because of 
the presence of higher amounts of RNA. Therefore even higher yields were obtained for 
preparative ligations suggesting that this splinted-ligation toolbox is amenable for scale-up 
even to higher reaction volume. 
Figure 2.10: Omission of phenol-ether extraction after phosphorylation of the dye-labeled 
RNAs. For the ligation reaction either extracted or non-extracted dye-labeled RNA was used. The 
reaction conditions are depicted in table 2.1, Opt. 5. A: PAGE analysis of the crude ligation mixture 
after digesting the DNA splint. The slowest moving band corresponds to the full riboswitch 
whereas all other faster moving bands correspond to incompletely ligated intermediate products 
as indicated. B: Yields of the full riboswitch (dark grey) as well as the 4-way ligated product (light 
grey) were calculated by using the Cy5 scan in A. 
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2.5. Pitfalls in splinted ligation – use of T4 RNA ligase 2 
 
The number of different commercially available DNA ligases is a lot higher than RNA ligases. 
In addition, the majority of the DNA ligases (T4 Dnl in this case) are double stranded ligases, 
all of which might account for their popularity in splint-mediated RNA ligation since the 
ligation competent complex in this case is also double stranded in nature. However many 
studies indicate inefficient product release (or product inhibition of the enzyme) by the DNA 
ligases in case of DNA-splint mediated RNA ligation where the ligation product is a RNA-
DNA heteroduplex (41). Similarly, a lot of effort has been put for characterization of single 
stranded phage RNA ligase, T4 RNA ligase 1 (T4 Rnl1). Because of its very low nick joining 
efficiency on double stranded substrates, complicated ligation schemes involving DNA splint 
which forces the ligation site to be locally single stranded, were established to prepare long 
RNA by ligation (Section 1.3)(44,45). On the other hand, T4 Rnl2 is a double-strand specific 
RNA ligase and its nick joining efficiency was reported to be much higher than that of T4 Dnl 
or T4 Rnl1 for double stranded substrates(43). However despites its discovery a long time 
ago, its extremely high RNA nick joining activity and its commercial availability, the use of 
this enzyme in splinted-ligation was relatively rare for unknown reasons(181,182,184). In our 
study, we have successfully developed a splinted-ligation toolbox for the production of dual-
labelled SAM-I riboswitch constructs in high yields using this enzyme. This ligation protocol 
can further be scaled-up to prepare even higher amounts of dual-labelled RNA constructs for 
biophysical studies.  
While setting up a splinted-ligation scheme it should be kept in mind that the higher 
the number of ligation fragments involved to construct the full-length product, the lower would 
be the statistical probability for the formation of ligation competent complex. On the other 
hand, for preparing long site-specifically dye-labelled RNA from smaller synthetic RNA 
fragments by ligation, it is beneficial to design the ligation scheme involving only short dye-
labelled RNA sequences because of i) higher yields and reliable sequence homogeneity 
(therefore avoiding error-correction steps during enzymatic ligation) in chemical RNA 
synthesis for short RNAs compared to very large RNAs and ii) higher number of dye-labelled 
constructs can be prepared out of only a very few dye-labelled ligation fragments in a 
combinatorial manner, thereby facilitating the finding of the labelling positions and the best 
suited constructs easier as well as making the complete ligation protocol more cost-effective. 
Despite the difficulties in the formation of ligation competent complex in a five-way ligation 
and the possibility of having stable secondary structures for large RNA, an overall yield of 10 
% in splinted-ligation during preparation of a 169 nucleotide long complete riboswitch is a 
substantial advancement in the field of splint-mediated RNA ligation. 
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2.6. Bulk- and SM-FRET measurements for folding analysis of the SAM-I 
riboswitch3 
 
Ligand induced folding of the SAM-I riboswitch was addressed by measuring changes in 
FRET efficiencies of the dye-labels upon SAH or SAM addition at either 10 °C or 25 °C (Fig. 
2.11 and 2.12). It was found that the FRET changes are similar at both temperatures, which 
is consistent with the previously postulated thermal stability of the SAM-I riboswitch 
aptamer(185). The bulk-FRET efficiency values for all six different constructs in their native 
states as well as upon incubation with SAM and SAH are given in figure 2.11.The differences 
in the FRET efficiencies (EFRET) from the native, ligand unbound state to the metabolite-
bound state upon addition of either SAM or SAH were calculated (Fig. 2.12). 
 
Irrespective of the ligand used, SAM or SAH, we always observed same numerical 
signs for the ∆EFRET. This indicates that either SAM or SAH induces the folding of the 
riboswitch towards one single (or a particular group of) conformation(s), albeit to different 
extents. 
In figure 2.12 bars within the positive area indicate that the FRET efficiency increased 
upon SAH or SAM addition meaning that the dyes in these respective constructs converged. 
This observation is true for constructs I and V. Bars in the negative area in figure 2.12 
indicate that the FRET efficiency decreased upon SAH or SAM addition meaning that the 
dyes in the respective constructs diverged from each other. This behavior was observed for 
constructs III, IV and VI. For construct II the bars in figure 2.12 stayed close to zero indicating 
that there was no significant change in FRET efficiency. 
 
                                                 
3 This part of the work has been performed together with Marika Ziesack 
Figure 2.11: Bulk FRET efficiencies for all six SAM riboswitch constructs in native state as well as 
upon addition of SAM and SAH. All measurements were performed both at 10 °C (A) and 25 °C 
(B) respectively. 
A: Measurement at 10 0C B: Measurement at 25 0C 
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 The structure of the SAM-I riboswitch depends on tertiary interactions between the 
regions L2, J3/4 and J1/4(179). These interactions result in a RNA structural organization, in 
which two sets of coaxially stacked helices (P1-P4 and P2-P3) orient relative to each other 
with an angle of ~ 70°(166). L2 and J3/4 form a pseudoknot that stabilizes the global 
architecture of the SAM-I riboswitch(7). According to the crystal structure of the SAM-I 
riboswitch an adenine within the J1/4 junction, a uridine within the J3/4 junction and another 
adenine within the P2b stem are important for tying the P1-P4 stack to the 
pseudoknot(179)(Fig. 2.1). Furthermore, via aminopurine-quenching experiments it was 
found, that SAM binding changes the environment of these conserved nucleobases(166). It 
was suggested that this alteration is important for stacking of P1-P4 stem which we were 
able to confirm in this study. Changes in EFRET upon addition of the cognate ligand were 
found in the constructs I and V (positive bars, Fig. 2.12) and construct IV (negative bars, Fig. 
2.12). The changes in constructs I and V suggest that the P2 and P1 stem as well as the P3 
and P4 stem converge upon SAM addition (Fig. 2.13). The change in construct IV indicates 
that P2 and P4 diverge (Fig. 2.13). Summarizing these results, the global architecture was 
found to change upon ligand addition because of the SAM induced interactions between 
J1/4, J3/4 and P2b(166). Thus it can be concluded that the pseudoknot was formed in the 
absence of the ligand. 
Figure 2.12: Changes in FRET efficiency (ΔEFRET) of the native state upon SAH or SAM addition for 
all six SAM riboswitch constructs. EFRET of the native state of all constructs as well as EFRET after 
addition of SAH or SAM was measured three times. The means as well as the standard deviations 
were calculated and values for the native state were subtracted from respective SAH/SAM values 
to obtain ΔEFRET. The errors were calculated using Gauß error Propagation. All measurements 
were performed both at 10 °C (A) and 25 °C (B) respectively. 
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 In a previously proposed model(185), the SAM-I riboswitch adopts a pre-binding 
conformation that is similar to the SAM-bound state. Upon ligand binding the SAM-bound 
conformation is ‘locked’ down through an induced-fit mechanism. The structural dynamics 
observed in this work (Fig. 2.13) are consistent with this model. 
 In most of the previous studies only the aptamer of the SAM-I riboswitch was 
used(166,179). However, in this work we examined the complete SAM-I riboswitch including 
its expression platform. In the SAM-unbound state the P1 stem forming residues and the 3´-
end of the riboswitch form an anti-terminator(166) resulting in transcription of the 
downstream mRNA. Upon ligand recognition, the formation of an anti-anti-terminator (P1) is 
induced and a terminator is formed within the 3´-end of the riboswitch (Fig. 2.2). This ligand-
induced reorganization could be observed as changes in EFRET between dyes located within 
the terminator and the P4 stem as well as within the terminator and the P3 stem (Fig. 2.12, 
CIII and CVI). In both cases the change in EFRET is negative indicating that these two dyes 
diverge.  
Figure 2.13: Tertiary structure of the SAM-I riboswitch aptamer (Thermoanaerobacter 
tengcongensis) according to ref 174. The P1/P4 helix stack is highlighted in blue and the P3/P2 
helix stack is highlighted in green. The J1/2 is shown in bronze and the J3/4 is shown in violet. 
SAM is represented as a bluster of grey spheres and the Cy5 dye as red and the Cy3 dye as yellow 
sphere. The distance between the dye positions is given in Å. Dotted line shows distance between 
mutual dye positioins found to be unchanged in this study. Filled lines represent the same with 
red arrows indicating whether the dyes are converging or diverging upon SAM or SAH addition. 
Legend: P = paired, J = joining, KT = kink-turn, PK = pseudoknot. 
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As observed before (Fig. 2.11 and Fig. 2.12) the conformational changes induced by 
SAM are more pronounced than those induced by SAH. This can be expected since the 
riboswitch has been shown to strongly discriminate between these two ligands(175,176). 
However, there were two different observations which was not expected, namely having the 
same numerical signs for the ∆EFRET in case of all constructs upon incubation with SAM or 
SAH (Fig. 2.12) indicative of a folding event which is convergent to one group of 
conformations and secondly these effects are more pronounced in case of C-III and C-VI 
compared to all other constructs (Fig. 2.11 and Fig. 2.12). These constructs bear one 
fluorophore which is directly situated at the expression platform. Therefore these constructs 
are likely to provide more information about the conformational dynamics of the riboswitch 
which is responsible for its gene regulatory properties. Does the riboswitch aptamer 
response differently towards ligand-recognition in the presence or the absence of the 
expression platform? And does this riboswitch, during co-transcriptional folding in vivo, 
capable of making use of either SAM or SAH to direct the correct folding of its aptamer but 
makes the decision for the gene regulation only upon binding to its cognate metabolite SAM? 
Although it might not be possible to address these questions definitively by only in vitro 
experiments, these constructs bearing fluorophores at their expression platform are surely 
one of the best candidates for further investigations. 
 Thus we performed further SM-FRET4 studies with C-III and C-VI. At first the 
riboswitch molecules were titrated with magnesium ions to observe the structural 
compaction. The results are depicted in figure 2.14. The data fit best with a two-state model 
for C-III and a three-state model for C-VI. 
                                                 
4 SM-FRET measurements have been performed by Andrei Kobitski at Karlsruhe Institute of Technology (KIT) 
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Furthermore, to validate the ligand induced folding we titrated the SAM-I riboswitch with SAM 
and SAH (Fig. 2.15). 
As a summary, we have observed similar folding phenomena for the complete 
riboswitch in response to its cognate metabolite SAM as reported in previous studies 
involving constructs carrying only the aptamer. Additionally we have observed certain 
conformational changes induced by a closely related yet non-cognate metabolite SAH. 
These conformational changes all together might be useful in dissecting the mechanism of 
riboswitch mediated gene-regulation in vivo by premature transcription termination at a 
molecular detail. 
Figure 2.14: FRET efficiency histograms of freely diffusing C-III (A) and C-VI (B) riboswitch 
molecules at different concentrations of Mg2+ ions. Lines represent the best-fit two-state (for the 




2.7. Conclusion and future work 
 
Here we have successfully established a splinted-ligation strategy to prepare dual 
fluorophore-labelled full-length riboswitch constructs for bulk- and SM-FRET measurements 
for studying ligand induced folding dynamics of the SAM-I riboswitch. To our conclusion, T4 
RNA ligase 2 is much more efficient in joining nicks of RNA in a double stranded 
environment compared to T4 DNA ligase. We have optimized the ligation scheme to improve 
the overall yield of the full-length ligation product from 1 % to 10 %. However, we believe that 
further optimizations for the pH of the ligation buffer might improve the ligation yield. It is 
noteworthy here that we have observed incorrect annealing of some of the ligation fragments 
when only four fragments are used together with the DNA-splint previously used for the 5-
Figure 2.15: (A) FRET efficiency histograms of freely diffusing C-III riboswitch construct at 
different concentrations of Mg2+ ions (left), SAM (middle), and SAH (right); SAM and SAH 
titration measurements were carried out at 20 mM Mg2+ concentration. Lines represent the 
best-fit two-state model distributions. (B) FRET efficiency histograms of freely diffusing C-VI 
riboswitch construct at different concentrations of Mg2+ ions (left), SAM (middle), and SAH 
(right); SAM and SAH titration measurements were carried out at 20 mM Mg2+ concentration. 




way ligation. This indicates that the correct formation of ligation competent complex (LCC) 
can be prevented, ultimately leading to decreased overall yield of the product. This seems to 
be a general problem for all transcriptionally acting riboswitches. This is due to the fact that 
for all transcriptionally acting riboswitches, the 3´-end of the P1 stem has certain sequence 
complementarity to the 5´-end of the terminator hairpin. Therefore even though longer 
ligation fragments are used (in our case each fragment consists of 34 nucleotides which is 
almost as large as gene-specific primers used in our laboratory to amplify specific riboswitch 
transcription templates from isolated genomic DNA) there can always be some extent of 
incorrect annealing. This can be prevented by using multiple smaller DNA splints, each 
capable of hybridizing to a particular RNA fragment and afterwards leaving a sticky end for 
overlap with its neighbouring fragment. Thus, all RNA fragments can be separately annealed 
to its specific DNA splint, then brought together into one reaction vessel and allowed for the 
formation of the complete LCC by the help of the sticky ends present in each heteroduplex. 
This ligation strategy is currently under investigation in our laboratory. 
 In case of our aim to address ligand induced folding dynamics of riboswitches, we 
have observed similar folding phenomena for the complete riboswitch with its expression 
platform as reported earlier for constructs carrying only the aptamer. However we made a 
couple of observations in studies involving a slightly different yet non-cognate metabolite 
which can not be explained by any known facts about this riboswitch to date. We believe that 
these data might further shed light on the gene regulation of riboswitches by premature 
transcription termination and hopefully settle down the long standing discussion about the 
``switching`` behaviour of these regulatory RNA elements in vivo. 
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3.1 Ligand-accelerated copper-catalyzed click reaction - scientific background 
 
As mentioned in section 1.4, the use of click chemistry for nucleic acid functionalization 
by a two-step chemo-enzymatic strategy has multiple advantages over one-step direct 
labeling. The most heavily used among click reactions is the copper-catalyzed click reaction 
(CuAAC) (section 1.4.3). The small size of the reactive alkyne and azide made this reaction 
particularly useful since substrates carrying any one of these two modifications have only 
minor structural differences compared to their unmodified analogues which increase the 
likelihood of these compounds to be accepted as substrates by the enzyme. The main bottle-
neck of this reaction is however the cytotoxicity copper. 
To circumvent many of these problems associated with copper, various copper stabilizing 
ligands have been introduced(74,96-99), therefore converting this ``ligand-free`` 
reaction(100) to a ``ligand-accelerated metal-catalyzed`` reaction(101). These ligands are 
meant to stabilize Cu(II) and Cu(I), as well as to keep the harmful ascorbate oxidation 
products low, thereby providing more biomolecule compatible reaction conditions(102) 
(section 1.4.3). However Cu(I) should not be too well stabilized, otherwise it would not be 
available for coordination with alkyne and azide and therefore catalysis. 
With these advancements in CuAAC, this reaction has been successfully applied in 
various studies involving DNA(83). A range of different pyrimidine(103) phosphoramidites 
bearing alkynes were synthesized and incorporated in solid-phase DNA synthesis, thereby 
enabling site-specific modification of short DNA. Also, various triphosphates bearing either 
alkyne or azide were synthesized and incorporated in primer extension studies, thereby 
enabling random modification of long DNA(104,105). Moreover, these statistically modified 
DNAs can be used to prepare uniformly metallized DNA(106), gold nanoparticle DNA 
conjugates(107) and to immobilize DNA on a glass-surface in a pre-defined 
micropattern(108). 
Despite its tremendous success as a click reaction for biomolecule labeling, examples of 
CuAAC-labeling on RNA are rather limited(186), which is plausibly due to the inherent 
instability of RNA towards metals ions, pH and elevated temperature. Careful examination of 
current literatures revealed that majority of CuAAC reactions performed on DNA require mM 
concentration of DNA for efficient labeling and often has been performed on fully protected, 
support-bound, short DNA at elevated temperature under neat or anhydrous conditions 
requiring organic solvents with rigorous exclusion of oxygen from the reaction 
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mixtures(96,103-105). Furthermore, the majority of these protocols require presence of 
multiple convertible residues per biomolecule for efficient labeling(187). Therefore we sought 
to establish a CuAAC protocol which will be completely compatible with standard molecular 
biology buffers and does not require any technically complicated synthetic methodologies like 
anhydrous conditions or rigorous exclusion of oxygen, as well as will allow us to achieve fast 
and quantitative labeling of nucleic acids bearing single alkyne/azide modification per 
biomolecule at room temperature at sub-micro molar concentration without any nucleic acid 
degradation. 
 
3.2 Different classes of Cu-ligands 
 
Among various different Cu-stabilizing ligands used for CuAAC, the most heavily used ones 
are built around a central structural core of tris(heterocyclemethyl)amines. Different classes 
of Cu-stabilizing ligands are shown in figure 3.1. The class I ligands are highly active when 
used in a 2- to 4-fold molar excess relative to Cu in aqueous reactions having no donor 
solvents, e.g. DMSO. On the contrary, the class II ligands are highly active when used in 
stoichiometric amounts relative to Cu but lose most of the activity when used in higher 
excess. The class III consists of relatively inactive systems over all ligand-metal ratios. The 
commercially available Cu-coordinating ligand TBTA (Fig. 3.1 and 3.2) belongs to the class I. 
We have used a water soluble version (THPTA, Fig. 3.2) of the commercially available class 
I ligand TBTA for our CuAAC optimizations for the purpose of biomolecule labeling. 
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Figure 3.1: Chemical structures of different classes of Cu-ligands. 
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3.3 Optimizations of click chemistry for biomolecule labeling 
 
We performed our CuAAC optimizations on a 34 nucleotide long internally alkyne modified 




 Due to the relatively short length of our reacting RNA molecule attachment of a 
biotinyl residue resulted in a marked difference in its electrophoretic mobility on a denaturing 
polyacrylamide gel which therefore allowed us for an unambiguous assessment of the 
CuAAC conjugation efficiency. As mentioned earlier, the copper should not be too well 
coordinated otherwise it will not be available for catalysis. Therefore we sought to find out 
first the best buffer for biomolecule labeling by CuAAC. Although a vast number of molecular 
biology protocols require Tris-based buffers, to our rationale this buffer should rather be 
avoided because of the presence of a primary amine in Tris, since primary amines are 
excellent copper chelators. Furthermore, we envisioned that since the Cu(I) has to be 
coordinated by the reactive alkyne and terminal alkyne co-ordination is severely improved by 
the ionization of the acetylinic proton, thus use of a slightly alkaline buffer might facilitate the 
reaction. However, care should be taken about the general instability of RNA in alkaline 
buffers. Therefore in our experiment we made a direct comparison between pH 8.5 Tris-HCl 
buffer, pH 7.0 sodium-phosphate buffer and water (Fig. 3.2 panel A). We observed slightly 
better conjugation efficiency in phosphate buffer compared to Tris buffer while reaction in 
water is least efficient. Moreover, we have tested the effect of ionic strength of the medium 
on the CuAAC conjugation efficiency by pursuing the reaction in buffers containing high 
concentrations of potassium ions (Fig. 3.2 panel B) and observed no effect on the 
conjugation efficiency. Next we made a direct comparison between two different copper 
coordinating ligands (TBTA and THPTA, Fig. 3.2 panel B and E) both belonging to the same 
class but one being highly soluble in water and the other is only slightly soluble. We 
observed low reaction yield and some extent of RNA degradation for the commercially 
available water-insoluble ligand TBTA. Therefore, it was mandatory to establish the synthesis 
of the THPTA for further use of CuAAC in our laboratory. Additionally the CuAAC conjugation 
can be severely improved when high concentrations of the other reaction partner is used and 
lead to quantitative reaction yield within 1 hr of reaction time (Fig. 3.2 panel C and D). It is 
worth mentioning that due to the existence of one previous report(186) claiming CuAAC 
labeling of RNA in the absence of any copper stabilizing ligand, we have actually tested the 
importance of THPTA in CuAAC reaction involving RNA. We indeed observed severe RNA-
degradation (often to even single nucleotide level) which is in accordance with previous 
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studies in the field of artificial nucleases(86,87). The reason that in the aforesaid report the 
RNA labeling was successful is due to the fact that the labeling has been performed on fixed 





All of these taken together, we reached the conclusion that i)CuAAC should be performed 
in neutral, amine-free buffers, ii)the copper-stabilizing ligand is absolutely necessary to 
prevent degradation of nucleic acids during the reaction, iii)the ligand should be used in 5 
fold excess over the copper ion, iv)if Cu(I) is generated by in situ reduction of Cu(II) salts with 
sodium ascorbate, the reducing agent should be used in 10 fold excess over Cu(II). To our 
rationale, 500 µM of Cu(II) is sufficient to achieve a quantitative labeling of alkyne bearing 
nucleic acids at 10 µM end concentration with the azide counterpart at 50 µM end 
concentration. 
 
3.4 Current limitations of click chemistry 
 
Despite of all advantages mentioned for click chemistry in general, one potential drawback of 
this approach is that it often requires newly synthesized compounds, whereas many people 
working in these areas are non-chemists and therefore synthesizing a complete new 
Figure 3.2: A-D) CuAAC optimizations. E) Chemical structures of TBTA and THPTA. Cu(II), ligand 
and sodium ascorbate end concentrations were maintained at 0.5, 2.5 and 5 mM respectively 
through out all experiments depicted here. 
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compound is beyond the intellectual and technical capabilities of many laboratories. Although 
a lot of materials required for click chemistry are nowadays available from different 
commercial providers at reasonable prices, these cover only the mostly used, top-ranked 
click reactions. For new or less used click reactions one is still dependent on synthetic 
chemists. Therefore the development of new click reactions is somewhat restricted among 
chemists. However non-chemists from various other disciplines can contribute to the 
applications of these novel reactions towards unraveling biological mechanisms at molecular 
level. In the following chapter we will use this reaction for chemo-enzymatic nucleic acid 
functionalization. 
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4 Site-specific functionalization of nucleic acids 
 
 
4.1 Chemo-enzymatic labeling of  the 5´-end of RNA 
 
4.1.1 Scientific background 
 
Although statistical RNA modifications might be useful in studying certain global phenomena 
related to RNA(186,188-190), the majority of the applications demand site-specific 
conjugation of modified chemical entities to nucleic acids. In this chapter we will focus on 
different strategies for modifying the 5´-end of RNA. Although the number of different 
modifications introduced so far into RNA is as large as the number of various different 
applications requiring such chemically modified RNAs, the number of various different tools 
available to introduce such modifications is rather limited(191).   
5´-end modified RNAs have widely been used for SELEX(192,193), RNA 
conformation and dynamics(2), in vitro translation(194) as well as in affinity 
chromatography(195). Among many different RNA 5´-end labeling techniques the following 
two strategies are of notable interest.  
 
ATP-γ-S and polynucleotide kinase based approach for labeling the RNA 5´-end 
This technique allows us a for a non-de novo labeling of RNA, of either synthetic or 
biological origin, in a two-step protocol where at the first step a phosphorothioate residue has 
been transferred from the ATP-γ-S to the 5´-OH of the RNA of interest by polynucleotide 
kinase (PNK) followed by reaction of that phosphorothioate functionality with a maleimide 
group to further attach the label of interest(196,197). The underlying principle of this reaction 
is that the nucleophilicity of phosphorothioate is slightly higher than that of water. Therefore 
compounds carrying a maleimide moiety will selectively react to the 5´-end of the RNA 
carrying the phosphorothioate group. However, most efficient PNK mediated phosphoryl 
transfer reaction requires a 5´-OH on the RNA – therefore samples isolated from biological 
origin needs to be dephosphorylated first by the treatment with alkaline phosphatase. 
Although ATP-γ-S is accepted as a substrate as efficiently as ATP, the overall yield of this 
two-step labeling approach is very low. This is due to the low nucleophilicity of 
phosphorothioate groups, thereby requiring a very high concentration of the maleimide 





Labeling by transcription priming – initiator nucleotide based approach 
 Contrary to the previously described polynucleotide kinase based approach, 
this labeling strategy is applicable for de novo labeling of RNA. This technique allows 
labeling of short as well as very large RNAs. Large unmodified RNAs can be conveniently 
prepared in big amounts by in vitro run-off transcription from DNA templates, either synthetic 
or biological, using different bacteriophage RNA polymerases (RNAP) under the control of 
their respective promoters(198-201). During run-off transcription RNA can be selectively 5´-
modified, employing the relaxed substrate tolerance of the polymerase at the initiation 
step(202). This approach uses modified guanosine or adenosine (depending on the type of 
promoter used) analogues, functionalized though the phosphate, which can only be 
incorporated at the transcription start because of a lacking triphosphate(203-206) - are 
therefore termed as initiator nucleotides. The most commonly used polymerase is derived 
from the T7 phage(203,204,207), while T3 and SP6 RNA polymerases (RNAPs) are also 
reported for similar purposes in a few studies(205,208-210). This strategy for RNA 5´-end 
functionalization is particularly attractive due to the commercial availability of these enzymes. 
A vast number of modifications have been introduced using this strategy by T7 RNAP. These 
include biotins(195,211), aldol(212,213) and Michael(214,215) reactants, aromatic 
hydrocarbons(216,217), allylic ethers and carbamates(217), dienes(218), dienophiles(124), 
small molecule coenzymes (CoA, NAD, FAD)(219) and various fluorophores(220,221). 
Furthermore initiator nucleotides carrying convertible residues like aliphatic amine(217,222), 
thiol(222-225), phosphorothioate(226), azide(227) or protected aldehyde(228) have been 
synthesized and successfully incorporated by T7 RNAP at the 5´-end of RNA. Moreover, 
examples of initiator nucleotides carrying orthogonally cleavable (photo(213), DTT(229) or 
enzymatic(228)) linkers between the RNA transcript and the functional tag also exist for 
efficient release of the conjugated moiety. 
 
4.1.2 Universal initiator dinucleotides – current work5 
 
Despite its generality and versatility, the transcription initiation approach for RNA modification 
suffers from several drawbacks: i) it requires the de novo synthesis (often over many steps) 
of the complete initiator molecule as well as optimizations of enzymatic reaction conditions 
for its incorporation for each single organic moiety of interest. This completely eliminates the 
scope of testing a variety of modifications in a high through put manner, which might be 
necessary in certain applications, e.g. studies involving fluorescence resonance energy 
transfer (FRET), where it is mandatory to first screen for a good donor-acceptor pair. ii) All 
currently known initiators generate RNA transcripts whose 5´-ends are blocked and therefore 
                                                 
5
 This part of the work has been performed together with A. Krause. 
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can not further participate in enzymatic ligations involving that modified end, restricting this 
approach strictly to 5´-end modification. 
 Therefore most valuable would be a universal initiator nucleotide that can be 
incorporated into transcripts under conditions that are optimized once, and that contains a 
convertible functional group for further functionalization with a variety of different labels. This 
two-step labelling approach is certainly advantageous over one-step direct labelling 
especially in case of bulky modifications where enzymatic activity is severely hampered due 
to the sterical bulk imposed by the modification. 
 To this end, we envisioned that copper-catalyzed click chemistry might be 
the right choice for the second conjugation step in our strategy since the reactive moieties, 
azides and alkynes, in copper catalyzed click reaction are particularly small. Furthermore, 
due to the bioorthogonal nature of the reaction, this should allow us to selectively 
functionalize our modified transcript in a milieu of various other functional groups as present 
in most molecular biology applications (Section 1.4.3). Although the cellular toxicity of copper 
somewhat restricted the use of this reaction to in vitro applications, this is not a concern here 
since the RNA is synthesized in vitro by run-off transcription. To date copper catalyzed click 
reaction has been successfully used in various applications of DNA(81,83,103-
108,187,189,230-232) and RNA(186,190,227,233,234) functionalization in vitro or in fixed 
cells. From synthetic viewpoint it might be easier to incorporate alkyne rather than the azide 
due to the chemical instability of azides in standard phosphoramidite coupling 
conditions(235). 
 Previous studies with di-, tri- or short oligonucleotides for transcription 
initiation by T7 RNAP revealed highly efficient transcriptional priming with these 
oligonucleotides and improved transcription yield(236). This has led us to assume that in 
addition to a more efficient enzymatic incorporation, di- or oligonucleotide initiators would 
likely allow the use of alternative attachment sites for the non-nucleosidic residue, potentially 
leaving the 5´-terminus of the transcript available for subsequent enzymatic manipulations, 
most notably ligations. 
 Based on this idea, here we report the synthesis and enzymatic 
incorporation of a novel class of nucleobase-modified clickable dinucleotide initiators (EUpG, 
EdUpG and OdUpG) (Fig. 4.1) for site-specific RNA functionalization at the 5´-end employing 
T3, SP6, and T7 bacteriophage RNA polymerases under the control of their cognate class III 
promoters. Due to the small size of the non-nucleosidic residues (in these cases alkynes) 
and their attachment through the non-Watson-Crick face of the 5´-nucleoside of our 
dinucleotide initiators, these compounds bear high structural similarities with their unmodified 
analogues. This design in turn led to near-quantitative initiator incorporation in many cases 
and also allowed efficient transcription initiation by three different phage polymerases, 
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namely T3, SP6 and T7 RNAP. Although T7 RNAP has been widely used for initiator-based 
RNA 5´-end functionalization, we are not aware of similar approaches using SP6 and T3 
RNAP. Given the generality of transcription initiation mechanism by phage polymerases we 
assumed that SP6 and T3 RNAP can also be used for the same purpose. Noteworthy here 
that the transcriptional activity of these polymerases in vitro differ from each other depending 
on the transcript length, NTP and magnesium ion concentrations, salt compositions in the 
buffer and temperature(237). Therefore it is beneficial to establish a labelling protocol which 
is compatible with all three different polymerases. Albeit in a different context, SP6 and T7 
promoters have been placed in opposed direction together with suitable termination 
sequences to allow the synthesis of either sense or antisense unmodified RNA from a single 
recombinant plasmid(238). 
 
 The initiated transcripts have further been functionalized with a diverse array 
of organic moieties by CuAAC. In this way it is possible to functionalize the target RNA at its 
5´-end with a diverse array of biologically relevant functional tags without the need for de 
Figure 4.1: A) Chemical structures of three different initiator dinucleotides used in this study. B) 
Schematic representation of our initiator-based site-specific RNA functionalization approach. 
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novo synthesis of new initiator nucleotides or optimization of enzymatic incorporation for 
each new compound. Therefore these dinucleotides can be regarded as ``universal initiator 
dinucleotides``. To investigate the robustness of our labelling approach we have synthesized 
the 209 nucleotide long complete glycine-responsive tandem riboswitch aptamer from 
Bacillus subtilis by in vitro run-off transcription and functionalized the transcript at its 5´-end 
with a fluorophore. As previously mentioned due to the degenerative nature of chemical 
oligonucleotide synthesis (Section 1.4.1), RNA sequences of this length carrying a 
modification at its 5´-end is impossible to prepare by any existing chemical RNA synthesis 
protocol to date. Furthermore, using this strategy we have functionalized a 233 nucleotide 
long random pool of RNA from a 252 nucleotide PCR amplicon with a fluorophore. This also 
demonstrates the sequence independency and generality of our approach for labelling large 
functional RNAs. 
 Finally RNA transcripts primed with our dinucleotide initiator has been 
subjected to enzymatic phosphorylation followed by splinted ligation to a second RNA strand, 
thereby converting a terminal modification to an internal one which further broadens the 
scope of our approach for click-type modification of RNA. 
 
4.1.3 Design of dinucleotide initiators EUpG, EdUpG and OdUpG 
 
The design of dinucleotides 1, 2 and 3 (Fig. 4.1) aimed to combine a chemically variable 
“carrier-nucleoside” at the 5´-position with a constant guanosine building block at its 3´-
position (Fig. 4.1). While the 3´-guanosine nucleoside would be indispensable for 
transcriptional initiation from bacteriophage class III promoters, the 5´-nucleoside constituted 
a platform for the attachment of the non-nucleosidic, convertible (clickable) modification to 
our initiator nucleotide (Fig. 4.1). Although the present work is mainly focused on initiators 
which allow transcription initiation from bacteriophage class-III promoters, our ongoing 
research also involves dinucleotides capable of transcription initiation from bacteriophage 
class-II promoters and bearing carrier nucleoside where the convertible (clickable) residue is 
connected through a different attachment site. 
 Few previous studies(239-242) reported successful statistical incorporation of certain 
5-functionalized fluorescent uridine triphosphates into RNA by in vitro run-off transcription 
with T7 RNAP and 5-ethynynluridine has been used(186) in mammalian cell culture studies 
for labeling RNA in fixed cells. From these results two facts can be formulated, i) RNAPs are 
tolerant towards 5-modified uridines and ii) the sterically little demanding ethynyl moiety 
when present at the C-5 position of uridine, induces such a little structural change compared 
to its unmodified analogue uridine that it not only gets accepted as substrate by eukaryotic 
kinasing machineries and converted to the corresponding triphosphates but also by the 
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corresponding RNA polymerases and incorporated statistically into RNA in vivo. Thus to our 
rationale, dinucleotides which are modified at the C-5 position of the carrier nucleoside might 
be a good starting point for our modular synthetic approach to construct initiator 
dinucleotides. Furthermore, this design might be more suitable for ligation since the 
modification is not situated very close to the ligation joint. 
Synthetically, 3´-phosphoramidites of ribo and deoxyribonucleosides are the most 
frequently applied building units for chemical RNA and DNA synthesis. Of all four standard 
nucleosides in RNA, the construction of derivatized uridine phosphoramidites is typically 
associated with the most efficient synthetic routs, since protective groups on the nucleobase 
are not required. Furthermore, since previous studies with di-, tri- or short 
oligo(deoxy)nucleotides for transcription initiation by T7 RNAP revealed highly efficient 
transcriptional priming and improved transcription yield(236) with these 
oligo(deoxy)nucleotides, we ideated that the presence of the 2´-OH functional group on the 
carrier nucleoside might not be mandatory for an efficient transcription initiation. This has led 
us to design the deoxy-based initiator dinucleotides which also have certain synthetic 
advantages over their ribo-based counterparts namely i) fewer number of steps involved in 
the synthesis of deoxy-based phosphoramidites compared to their ribo- analog and ii) higher 
coupling efficiency of deoxy-phosphoramidites due to the lack of a bulky 2´-O-protective 
group as also regularly observed in solid phase synthesis of RNA compared to DNA. 
Consequently, we decided for a modular approach to combine three different alkyne-bearing 
5-modified (deoxy)-uridine phosphoramidites with a universal triisobutyryl-guanosine (iBu3G) 
unit. 
The three different dinucleotide derivatives were then tested for their acceptance by 
different phage RNA polymerases. 
 
4.1.4 EUpG priming by T3, SP6 and T7 RNA polymerase 
 
First, ethynyl-functionalized ribodinucleotide EUpG was assayed. The dinucleotide was 
added to the reaction mixtures containing all four ribonucleoside triphosphates (NTPs), a 
double stranded synthetic DNA template and an RNA polymerase (RNAP) in a suitable 
buffer. The resulting transcript has a length of 25 nucleotides. As the dinucleotide competes 
at the initiation step with GTP, the GTP/initiator ratio is an important parameter. A too low 
GTP concentration, however, will have negative effect on the total transcription yield, since 
GTP is required during transcript elongation too. Therefore, a two-step optimization was 
carried out, in which first the GTP/initiator ratio was varied (Fig. 4.2, panel A, C, E) and then 
the concentrations of the other three NTPs (Fig. 4.2, panel B, D, F) were screened.  
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Since the incorporation of the dinucleotide itself induced only a slight shift in the 
electrophoretic mobility (Fig. 4.2), the appended ethynyl moiety was subsequently employed 
to quantitatively introduce a biotinyl residue by copper-catalyzed azide-alkyne cycloaddition 
(CuAAC) using biotin azide. In addition to assessing the general utility of the approach for 
click-type modification of RNA, the incorporation of biotin allowed for an unambiguous 
assessment of initiation efficiency and transcript quantification by a Streptavidin 
electrophoretic mobility shift assay (Strep-EMSA). The results shown in figure 4.2 
demonstrate that the initiator nucleotide EUpG is indeed incorporated by all three 
polymerases, although with different efficiencies. The labelling efficiencies and the 
corresponding transcription reaction conditions are shown in figure 4.2. A control experiment 
was introduced where GMP, a well characterized initiator mononucleotide at least with 
Figure 4.2: Optimization of transcriptional labeling with EUpG by T3 (panel A, B), SP6 (panel C, 
D) and T7 (panel E, F) RNA polymerases. The extreme left lane in every gel denotes transcription 
initiation with GMP. 
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respect to T7 RNAP, was exchanged against the modified dinucleotide keeping all other 
transcription conditions the same to directly asses the effect of our synthesized molecule on 
enzymatic transcriptional activity. Overall transcription yields are found to be comparable. 
 
4.1.5 EdUpG priming by T3, SP6 and T7 RNA polymerase 
 
Encouraged by the fact that a wide number of initiator mononucleotides, where the non-
nucleosidic modifications are attached through the 5´-terminal phosphate of a guanosine, 
have been successfully used to functionalize RNA by transcription priming approach and 
previous studies(236) indicated highly efficient transcription priming with unmodified 
dinucleotides lacking a 2´-hydroxyl group on the 5´-nucleotide, we next assayed our deoxy-
based initiator dinucleotide EdUpG. Strep-EMSA was used to calculate the labeling 
efficiencies as before and the results are summarized in figure 4.3. In general, compared to 
EUpG, we observed a slightly poorer labelling with EdUpG in case of all three polymerases, 
which might be attributable to the lack of the 2´-OH functionality on the carrier nucleoside of 
our dinucleotide initiator. However under optimized concentrations of all other three NTPs we 
observed similar labelling efficiencies in comparison to EUpG. Therefore we concluded that 
the presence of 2´-OH is not an absolute requirement. This observation led us to design yet 
another dinucleotide initiator, namely OdUpG (Fig. 4.1), containing a deoxy-nucleotide at its 
5´-end and bearing a rather extended alkyne moiety which should not only facilitate the 
CuAAC reaction(103,232) but also helps making this dinucleotide initiator more non-polar, 
thereby improving its enzymatic incorporation. 
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4.1.6 OdUpG priming by T3, SP6 and T7 RNA polymerase 
 
A similar set of experiments has been performed with our newly designed, less polar 
dinucleotide initiator OdUpG. The longer alkyne handle should facilitate the follow-up click 
reaction as described before as well as will make this initiator less polar, which might be 
beneficial for its preference during transcription initiation by RNA polymerases. The labelling 
efficiencies are described in figure 4.4. To our conclusion, this dinucleotide initiator leads to 
the most efficient transcript labelling compared to the other two previously described initiators 
for all three polymerases. The best labelling conditions are 0.2 mM GTP, 1 mM NTP and 4 
Figure 4.3: Optimization of transcriptional labeling with EdUpG by T3 (panel A, B), SP6 (panel C, 
D) and T7 (panel E, F) RNA polymerases. The extreme left lane in every gel denotes transcription 
initiation with GMP. 
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mM OdUpG for T3 RNAP with 72 % labelling; 0.8 mM GTP, 4 mM NTP and 4 mM OdUpG for 
SP6 RNAP with 82 % labelling; and 0.8 mM GTP, 1 mM NTP and 4 mM OdUpG for T7 
RNAP with 80 % transcript labelling. 
 
Although in case of transcriptional labeling with EUpG or EdUpG it was not possible 
to distinguish our dinucleotide initiated transcripts prior to CuAAC with biotin azide from the 
unlabelled n+1 transcript due to the very small size of the ethynyl moiety, this is not the case 
for transcriptional labeling with OdUpG by T7 RNAP. The longer alkyne chain not only 
facilitates the CuAAC because of sterical reason(103-105,232) but also makes the initiated 
transcript less polar compared to the unmodified n+1 transcript leading to a clear separation 
of these species on gel (Fig. 4.5). However, this was not possible in case of transcriptional 
Figure 4.4: Optimization of transcriptional labeling with OdUpG by T3 (panel A, B), SP6 (panel C, 
D) and T7 (panel E, F) RNA polymerases. The extreme left lane in every gel denotes transcription 
initiation with GMP. 
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labeling by SP6 or T3 RNAPs. We observed a higher sequence heterogeneity in the 




4.1.7 Derivatization and enzymatic manipulation of primed RNA transcripts 
 
Sine we obtained most efficient transcript labelling with OdUpG and our laboratory has 
substantial expertise in RNA functionalization by T7 RNAP(124,216,217,222,228,229), all 
following experiments have been performed with this combination. To investigate the 
robustness of our labelling approach we have synthesized the 209 nucleotide long complete 
glycine-responsive tandem riboswitch aptamer from Bacillus subtilis by in vitro run-off 
transcription and functionalized the transcript at its 5´-end with a fluorophore (Fig. 4.6). As 
previously mentioned, due to the degenerative nature of chemical oligonucleotide synthesis 
(Section 1.4.1), RNA sequences of this length carrying a modification at its 5´-end are 
impossible to prepare by any existing chemical RNA synthesis protocol to date. Furthermore, 
using this strategy we have functionalized a 233 nucleotide long random pool of RNA from a 
252 nucleotide PCR amplicon with a fluorophore (Fig. 4.6). This also demonstrates the 
sequence independency and generality of our approach for labelling large functional RNAs. 
Figure 4.5: Sequencing gel analysis of transcriptional labeling optimizations with OdUpG by T7 




To further demonstrate the utility of our dinucleotide initiator for preparing a variety of 
RNA conjugates, we prepared a larger batch of a transcript using OdUpG, T7 RNAP, and the 
optimized conditions describe above. To reduce transcriptional 3´-end heterogeneity, a 
template with two 2´-OMe substitutions at the 5´-end of the antisense strand was used for 
these experiments(243,244). The primed transcript was then reacted in CuAAC with a variety 
of commercial and self-synthesized compounds, ranging from various different affinity 
handles, sensitive fluorophores with widely different spectral properties, polyethylene glycol 
moieties carrying other functional groups at one end, protected and fully unprotected 
carbohydrate molecules to organometallic complexes. Attachment of these various tags 
resulted in a highly differential electrophoretic mobility of the products compared to the 
starting material thereby enabling us an unambiguous assessment of the click conjugation 
efficiency, and therefore utility of this approach for functionalizing RNAs (Fig. 4.7). 
Figure 4.6: Transcriptional labeling with OdUpG by T7 RNA polymerase for A) random RNA pool 
and B) tandem glycine riboswitch aptamer. A Cy5 azide was used for CuAAC conjugation. 
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These data indicate near-quantitative conversion in all cases, irrespective of the 
nature of the coupling partner. This represents a major advantage in comparison to all other 
previously described initiator, as one central intermediate is sufficient to synthesize a wide 
variety of different conjugates without the need to synthesize dozens of initiator nucleotides 
and to optimize their incorporation. 
Figure 4.7: A) Gel analysis of the CuAAC conjugation efficiencies for OdUpG primed transcripts 
with various functional tags. B) Chemical structures of various different compounds used for 
this purpose. 
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Another significant advantage of the building blocks described here is their free 5´-OH 
group, which renders them amenable to further enzymatic manipulations, most notably to 
ligations. This feature will allow the conversion of a terminal modification into a site-specific 
internal one which further broadens the scope of our approach for click-type internal 
modification of RNA. Internal modification could be particularly useful, e.g. in the preparation 
of dye-labelled long RNAs for intermolecular as well as intramolecular biophysical studies 
involving RNA.  
However our primed RNAs bear a 5´-OH group which has to be converted to the 
corresponding phosphate moiety prior to ligation. The presence of many 2´-OH functional 
groups in the transcript and the general instability of RNA towards various chemical reagents 
forbear us from using chemical phosphorylation reagents for kinasing the 5´-end of the 
transcript. However this problem can be solved in two different ways, i) the phosphorylation 
could be achieved at the dinucleotide level, however this is extremely challenging (unless 
protecting group chemistry has been used which exponentially increases the labour involved 
in the synthesis of the dinucleotide and finally leads to a poor overall yield) because of the 
presence of other hydroxyl functional groups at the 3´-guanosine residue of our dinucleotide 
initiators. Accidental phosphorylation of any of these hydroxyl group will lead to the complete 
loss of enzymatic activity on these substrates; ii) in contrast, this phosphorylation can be 
achieved by polynucleotide kinase (PNK). However, this requires the modified 5´-end to be a 
substrate of PNK. Encouraged by the fact that T4 PNK was used in a few previous 
studies(245-248) to phosphorylate non-nucleosidic moieties, we tested the feasibility of PNK 
mediated phosphorylation followed by the ligation of a 25 nucleotide transcript modified at its 
5´-end with OdUpG to another 40 nucleotide long RNA fragment. We indeed observed 
efficient ligation using a mixture of T4 Rnl2, T4 Rnl1 and T4 Dnl (Fig. 4.8). A side-by-side 
ligation comparison with completely unmodified UpG primed transcript let us to conclude that 
our dinucleotide initiator OdUpG is indeed tolerated by three different sets of enzymes, 
namely RNA polymerases, polynucleotide kinase and ligases. To our conclusion, this is 
possible only due to the very small size of the CuAAC reaction partners. The resulting ligated 
RNA can further be derivatized with a fluorescent dye or affinity handle by CuAAC, therefore 
enabling site-specific internal modification, which remarkably broadens the scope of our 
universal-initiator based RNA functionalization approach. It should be noted that the 3´-end 
of the ligated product is unmodified and could be easily functionalized with a third 






The demand for millimolar concentrations of dinucleotide initiators in the transcription mixture 
promoted us to forbear from a solid-phase approach, as we expected insufficient yield and 
wasteful consumption of precious phosphoramidites by using classical solid-phase synthetic 
oligonucleotide protocols. Instead, a solution-phase strategy was established that was 
adapted to the advantages of classical phosphoramidite chemistry on solid support. 
Particularly, the high excess of reagents in each synthetic step and extensive washing 
protocols had to be compensated by the design of the synthetic strategy. Generally, all 
reagents were applied in stoichiometric amounts, thus reducing the complexity of the final 
purification. Reagents, solvents and protective groups were chosen to be separable from the 
target molecule by fast and easy procedures, such as evaporation, lyophilization, liquid-
liquid-extraction or precipitation. 
Examination of the initiator dinucleotides 1, 2 and 3 (Fig. 4.1) for their incorporation 
efficiencies indicated that both 5-ethynyl and 5-octadiynyl substitutions are well tolerated by 
all three different phage polymerases. 
A slight preference of EUpG over EdUpG for all three polymerases during 
transcriptional labelling can be explained due to the lack of 2´-OH functionality at the 5´-
nucleoside for the latter one. However chemical synthesis of dinucleotides involving a 5´-
deoxy-nucleotide is less demanding compared to their ribo-analogues. Moreover, the long 
flexible alkyne moiety on OdUpG not only makes this initiator molecule less polar compared 
to EUpG or EdUpG but also facilitates the follow up CuAAC reaction compared to the rigid 
ethynyl moiety as has been shown in previous studies involving DNA labelling(103,232). 
Comparative studies on initiator mononucleotides in our lab as well as in others indicated an 
Figure 4.8: Gel analysis for splinted-ligation of OdUpG primed transcripts. 
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increase in incorporation yields with decreasing polarity of the 5´-attached moiety(217), 
which is in complete accordance to the observation of very high labelling efficiencies by  all 
three polymerases with relatively non-polar initiator OdUpG. 
Although T7 RNAP has been widely used for initiator-based RNA 5´-end 
functionalization, we are not aware of similar approaches using SP6 and T3 RNAP. Given 
the generality of transcription initiation mechanism by phage polymerases we assumed that 
SP6 and T3 RNAP can also be used for the same purpose. It is noteworthy here that the 
transcriptional activity of these polymerases in vitro differ from each other depending on the 
transcript length, NTP and magnesium ion concentrations, salt compositions in the buffer and 
temperature(237). Therefore it is beneficial to establish a labelling protocol which is 
compatible with all three different polymerases. 
The initiated transcripts have further been functionalized with a diverse array of 
organic moieties by CuAAC. In this way it is possible to functionalize the target RNA at its 5´-
end with a diverse range of biologically relevant functional tags without the need for de novo 
synthesis of new initiator nucleotides or optimization of enzymatic incorporation for each new 
compound. Therefore these dinucleotides can be regarded as ``universal initiator 
dinucleotides``. 
 Finally RNA transcripts primed with our dinucleotide initiator have been 
subjected to enzymatic phosphorylation followed by splinted ligation to a second RNA strand, 
thereby converting a terminal modification to an internal one which further broadens the 
scope of our approach for click-type site-specific, internal modification of RNA. 
 In a summary, the highly efficient transcriptional labelling with these 
dinucleotides, their generality for attachment of a wide array of diverse chemical 
functionalities by CuAAC, their usability for functionalization of long RNAs and finally the 
compatibility of these modified transcripts with enzymatic ligations surely allowed us to 
conclude that this is an unprecedented advancement for initiator-based approaches in RNA 
labelling. 
 
4.2 Chemo-enzymatic labeling of the 3´-end of RNA 
 
4.2.1 Scientific background 
  
After successfully employing our two-step, click chemistry based RNA labeling approach for 
labeling the RNA 5´-end we sought to expand this strategy towards labeling the 3´-end of 
RNA as well. It is worth mentioning that for various natural RNAs as well as for in vitro 
transcribed RNAs the 3´-end is more accessible compared to the 5´-end. For example, in 
vitro transcribed RNA (unless otherwise it is primed during transcription initiation with an 
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initiator nucleotide) contains a triphosphates residue (203-206), similarly, eukaryotic and viral 
mRNAs are capped at their 5´-end (194) and therefore blocked for further functionalization, 
ribosomal RNA and various non-coding small RNAs often contain a monophosphate residue 
at their 5´-end. Moreover our previous strategy to label the RNA 5´-end by transcriptional 
priming requires access to the corresponding transcription template of the RNA and therefore 
needs sequence information. Similarly other co-synthetic methods are not applicable for RNA 
originating from biological sources, e.g., from specific tissues of certain organisms. All co-
synthetic chemical or chemo-enzymatic methods strictly require sequence information and in 
most cases these techniques are applicable only for de novo labeling of RNA. Additionally 
co-synthetic chemical methods (e.g. solid-phase RNA synthesis using phosphoramidite 
chemistry) are strictly limited towards modifying only short sequences. 
Among various currently known post-synthetic strategies for non-de novo labeling of 
the RNA 3´-end the following two are of notable interest. 
 
Ligation-based approach for labeling the RNA 3´-end  
This method exploits the relaxed substrate tolerance of T4 RNA ligase 1 (T4 Rnl1) 
and makes use of suitably modified base analogs (Fig. 4.9)(249,250). This technique has 
mostly been used for labeling with modified cytidines since cytidine is preferred on the 3´-
fragment at the ligation site by T4 Rnl1(250,251). Also in the majority of cases the 
modification has been attached through either the C-5 or the C-8 of pyrimidines or purines, 
respectively, to achieve efficient ligation(249,252-256). In this approach, the presence of a 
3´-phosphate residue at the modified nucleotide is mandatory to ensure single label 
incorporation to the target RNA since otherwise the modified end can also be recognized by 
the ligase as substrate and can therefore be further modified. Phosphorylation of 3´-OH of 
ribo or deoxyribonucleotides (modified or unmodified) can only be achieved in a chemical 
manner, since there are no enzymes available which can perform a direct phosphorylation of 
the 3´-OH of a ribo or deoxyribonucleotide. However, such chemical phosphorylation in 
presence of other nucleophilic functional groups is highly challenging, which poses an 
additional barrier for the synthesis of such modified nucleotides. Moreover, RNA modified 
with this approach needs to be enzymatically dephosphorylated first and then only that 
modified RNA 3´-end can take part in further enzymatic manipulations.  
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Noteworthy to mention here, that this strategy strictly requires the absence of a 
phosphate group on the 5´-end of the RNA to prevent circularization of the starting material. 
 
Oxidation of 3´-terminal vicinal diol for RNA 3´-end labeling 
This approach hires the well known reaction for converting vicinal diol to vicinal 
dialdehyde (Fig. 4.10) from the field of organic synthesis. Since the only vicinal diol present 
in an RNA molecule is at its 3´-end, this can be selectively oxidized to vicinal dialdehyde 
using controlled amounts of periodic acid (257). Generally, this modified end is conjugated to 
the required functional group using Schiff´s-base chemistry in a follow-up reaction. However, 
the harsh reaction conditions involved in this labeling strategy might not be suitable for 
certain RNA sequences and additionally the 3´-end of the RNA after modification can not 
further be manipulated by any enzymatic reactions since it does not bear any structural 






Figure 4.9: Schematic representation of ligation-based approach for labeling the RNA 3´-end. N 
denotes modified deoxy or ribonucleotide. 
Figure 4.10: Schematic representation of periodate-based approach for labeling the RNA 3´-end. 
R denotes the required modification. 
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4.2.2 3´-labeling of RNA by nucleotidyl transferases and copper catalyzed and 
copper free click chemistry – current work6 
 
Scientific background 
Therefore we sought to develop a 3´-end labeling technique which will allow us for 
post-synthetic non-de novo labeling of RNA, either of synthetic or biological origin, without 
any prior knowledge of its sequence. As mentioned earlier in section 1.4 the use of a two-
step click chemistry based approach has many advantages over one-step direct labeling and 
in case of certain bulky modification a two-step approach is rather indispensable – therefore 
we extended the same principle for labeling the 3´-end of the RNA as well. We decided to 
introduce the clickable modification to the RNA first and then to attach the required functional 
group by CuAAC (or with other metal-free click reactions as discussed later), as with our 
previous labeling approach based on initiator nucleotides. Enzymatic incorporation of a 
convertible residue to the RNA 3´-terminus might be advantageous in comparison to 
chemical methods since enzymatic reactions generally involve milder conditions compared to 
chemical methods. We envisioned that introducing an azide rather than alkyne is beneficial 
since azides can not only take part in CuAAC but also in various other metal-free click 
reactions, most notably Strain Promoted Azide Alkyne Cycloaddition (SPAAC)(111) and 
Bertozzi-Staudinger Ligation(94), therefore broadening the range of various different labels 
which can be incorporated beyond the scope of only one type of bioorthogonal click reaction. 
Additionally metal-free click reactions are more suitable for in vivo applications.  
Here, in our two-step RNA labeling approach we exploit poly(A) polymerases (PAP) 
to incorporate azide modified nucleotides to the 3´-end of the RNA of interest followed by 
derivatization of that azide residue with various bio-orthogonal click reactions (Fig. 4.11). We 
tested four different nucleotidyl transferases [yeast and E. coli PAP, Cid 1 poly(U) 
polymerase (PUP) and terminal deoxynucleotidyl transferase (TdT)] in combination with 
seven different azido-functionalized NTPs to find out the best enzyme-substrate pair for RNA 
3´-end labeling. The advantage of incorporating azide over alkyne has been exemplarily 
demonstrated by using CuAAC as well as SPAAC to attach sensitive fluorophores to the 
enzymatically modified RNA. Using our labeling toolbox we could attach a wide range of 
biologically relevant functional tags to the RNA of interest for all four possible nucleotides (A, 
C, G, and U), at a wide range of concentrations. 
                                                 
6 This part of the work has been performed together with M.-L. Winz. 
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Moreover, after introduction of nucleotides modified at the position C-8 (class-I) or C-
2´ (class-II), the resulting 3´-termini contain free hydroxyl groups. Those RNAs could be 
subjected to enzymatic manipulations involving their modified 3´-termini, namely, addition of 
poly(A)-tails, 3´-adapter ligation and splinted ligation to other RNA sequences without the 
need for any prior manipulations of that modified end (contrary to ligation-based approaches 
where enzymatic dephosphorylation has to be performed first). Doing so, we converted the 
terminal azide-modifications into internal ones, for which we optimized CuAAC reaction 
conditions, to achieve site-specific, internal functionalization of RNA. Our approach does not 
demand the de novo synthesis of modified chemical entities and involves only commercially 
available enzymes and reagents – therefore enzymatic reaction conditions have to be 
optimized only once and those enzymatically modified RNAs can further be derivatized with 
the functional group of interest without having to synthesize a new modified nucleotide each 
time. Due to the commercial availability of an ever growing number of different possible 
labels that can be introduced by click chemistry, this protocol for site-specific RNA labeling is 




Screening of azide modified nucleotides and different nucleotidyl transferases 
for most efficient enzyme-substrate pair 
We have tested all together seven different azide modified nucleotides in combination 
with four different nucleotidyl transferases to obtain the most efficient enzyme-substrate pair 
for our labeling purpose. These modified nucleotides can be divided into three classes 
depending on the modification site (Fig. 4.11). These substrates will allow base as well as 
backbone functionalization of the target RNA sequences. While the class I and class II 
substrates will allow further enzymatic manipulations of the 3´-end of the RNA after 
Figure 4.11: A) Different azido-modified NTPs used in this study, B) schematic representation of 
our nucleotidyl transferase-based approach for labeling the RNA 3´-end. 
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modification reaction, the class III substrates, owing to the lack of a 3´-hydroxy function, will 
not allow any further enzymatic reactions of the modified RNA 3´-end. However, screening of 
the complete structural spectrum of all different nucleotides against all four different 
nucleotidyl transferases will facilitate our understanding of the enzyme-substrate interaction, 
which, in turn is beneficial for designing new modified substrates in future. The four different 
nucleotidyl transferases tested are yeast and E. coli PAP, Cid 1 PUP and TdT. While the 
choice of yeast and E. coli PAP and Cid 1 PUP is obvious, since these enzymes are 
responsible for non-templated nucleotide addition (A and U respectively) to the RNA 3´-ends 
in biological systems, the reason for evaluating TdT for the same purpose is not apparently 
clear. TdT is responsible for non-templated deoxyribonucleotide addition to the 3´-end of 
DNA. However it also accepts ribonucleotides but generates only very short tails. Since TdT 
has been used in a previous study to modify the 3´-end of RNA with digoxigenin- and biotin-
modified nucleotides (258) and our class III substrates (Fig. 4.11) bear high structural 
similarities with deoxyribonucleotides, we decided to use this enzyme as well for modifying 
the RNA 3´-end.  
The results of screening are summarized in table 4.1. The efficiency of TdT for 
modified nucleotide addition on RNA 3´-end was found to be negligible. Among the other 
three different nucleotidyl transferases yeast PAP exhibited the highest incorporation activity 
with all different kinds of modified NTPs while Cid 1 PUP accepted 2´-N3-2´-dNTPs in 
moderate yield and E. coli PAP was able to incorporate only 2´-azido-2´-dATP. The ability of 
yeast PAP to incorporate all four class II substrates makes our labeling protocol amenable 
towards modifying RNA 3´-ends with any one of the four different nucleotides of choice, 
therefore causing no sequence mutation to the RNA after the modification reaction which will 
help preserving its function. 
 
Table 4.1: Results of the first screening of nucleotidyl transferases for incorporation of N3-nucleotides. 
 
# of residues added 
Modified NTP 
yeast PAP E. coli PAP Cid 1 PUP TdT 
8-N3-ATP 1-2 - 0-2* - 
2'-N3-2'-dATP multiple 1(-2)** 0-mult.* - 
2'-N3-2'-dCTP 1-2 - 0-mult.* - 
2'-N3-2'-dGTP 1-2 - 0-mult.* 0-1* 
2'-N3-2'-dUTP 1-2 - 0-mult.* - 
3'-N3-2',3'-ddATP 0-1 - - n.d. 
3'-N3-2',3'-ddTTP 0-1 - - n.d. 
* mostly 0; ** only at long incorporation times or with MnCl2 
 
With 8-N3-ATP we mostly observed multiple nucleotide incorporation. We envisioned 
that, as a labeling strategy, it would be beneficial to introduce a single label per biomolecule, 
therefore reaction conditions leading to single nucleotide incorporation by the nucleotidyl 
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transferases need to be established. To this end, we focused only on yeast and E. coli PAP 
together with only sugar modified NTPs for single residue incorporation. 
 
Optimization of single-nucleotide incorporation by yeast and E. coli PAP 
As mentioned earlier, the RNA 3´-end, after modification with class III substrates, 
cannot further be manipulated by any other enzymes – thereby limiting our strategy strictly 
towards only 3´-end modification. For that reason, we focused mainly on single incorporation 
of 2´-azido nucleotides. Having observed the relatively short tails generated by yeast PAP 
with 2´-azido-2´-dNTPs we envisioned that it might be possible to control this reaction 
towards single label incorporation. Under optimized reaction conditions we indeed observed 
single label incorporation with yeast PAP (except for 2´-N3-2´-dATP) as summarized in table 
4.2. 
 
Table 4.2: Conditions that lead to single nucleotide addition. 
 
Modified NTP PAP from Reaction time 
E. coli (0.5 U/µl) 16 h (- MnCl2) 2'-N3-2'-dATP 
E. coli (0.25 U/µl) 20 min (+ MnCl2)* 
2'-N3-2'-dCTP 20 min 
2'-N3-2'-dGTP 2 h 





8-N3-ATP             not possible 
* preferred conditions (2.5 mM MnCl2) 
 
Since the use of yeast PAP with 2´-N3-2´-dATP led to the addition of multiple residues 
even at low NTP concentration and short reaction time, we thought E. coli PAP might be 
useful for single label incorporation of this particular modified nucleotide since E. coli PAP 
generally has a lower incorporation activity compared to yeast PAP. Acceptable incorporation 
yield could be observed only after 16 hours of incubation at 370C which also led to severe 
RNA degradation. Addition of MnCl2 to the reaction mixture to an end concentration of 2.5 
mM led to a labeling yield of >50 % after as little as 20 min reaction time. This is in 
accordance with previous studies with E. coli PAP where the enzymatic activity was reported 
to be increased by 5 fold in presence of manganese ions(259). Single nucleotide 
incorporation efficiencies for all 2´-N3-NTPs in triplicates are shown in figure 4.12.  
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Dynamic range of PAP reaction 
Depending on the application, the amount of RNA to be modified may vary 
considerably. While RNAs isolated from rare biological samples (e.g. specific tissues) can be 
scarce, naturally abundant RNA or in vitro synthesized (chemically or enzymatically) RNA 
might need to be modified in bigger amounts and therefore in higher concentrations, 
demanding our labeling protocol to be equally efficient under very high as well as very low 
RNA concentrations. Thus, to investigate the robustness of our approach, we sought to find 
out the dynamic range of the yeast PAP reaction where we varied the reaction time 
employing any one of the four 2´-N3-modified NTPs and RNA1 at 0.2 and 4 µM 
concentration, or RNA2 at 4 to 80 µM concentration in a reaction with 2´-N3-2´-dCTP and –













Figure 4.12: Determination of single nucleotide incorporation efficiencies for all 2´-N3-NTPs by 
yeast and E. coli PAP. 
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Table 4.3: Sequences of oligonucleotides. 
 




10 nt loop,  

























* for splinted ligation of RNA1 (+G) to RNA4 
 
Although the overall reaction yield was generally lower at 0.2 µM than at 4 µM 
concentration, we observed similar reaction kinetics. At elevated RNA concentrations, we 
observed that the relative rate of the reaction was decreased. Nevertheless, efficient addition 
of a single nucleotide was possible at prolonged reaction times even in case of very high 
RNA concentration (maximally 2h for 80 µM RNA with 2´-N3-2´-dCTP). LC-MS analysis of the 
reaction mixture revealed ca 80 % labeling yield. Thus we concluded that our labeling 
toolbox is indeed applicable for labeling very low as well as very high amounts of RNA - 
thereby providing a universal RNA 3´-end labeling toolbox capable of modifying widely 
different amounts of RNA without implementing severe changes to the experimental set up. 
 
CuAAC at the 3´-terminus 
As mentioned earlier, the 3´-modified RNAs carrying an azido functional group can be 
used as versatile modules for derivatization with a diverse array of biologically relevant 
functional/reporter tags by the use of click chemistry. In this approach the enzymatic reaction 
for single modified nucleotide incorporation has to be optimized only once and the resulting 
RNA sequence can be stored and further derivatized at any time with a functional tag of 
choice without having to synthesize a new modified NTP each time or optimizing the 
enzymatic incorporation for every single new compound. To test the copper-catalyzed click 
reaction we used three different alkynes, namely biotin-alkyne, Alexa Fluor 488 alkyne or 
Alexa Fluor 647 alkyne. RNA modified with any one of the four 2´-N3-2´-dNTPs was 
subjected to a ligand accelerated copper-catalyzed azide-alkyne cycloaddition/ligation 
(CuAAC). We have used a water soluble, C3v-symmetric class-I ligand (for ligand 
classification see chapter 3), THPTA, as before. The use of a copper-coordinating ligand is 
mandatory to prevent degradation of the RNA by Fenton´s chemistry initiated by the copper 
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in aqueous media in presence of oxygen as mentioned earlier in chapter 3. The optimized 
reaction conditions and the reaction yields are summarized in table 4.4. Some of these data 
were further confirmed by LC-MS analysis. 
 
Table 4.4: Yields and corresponding reaction conditions of CuAAC at different N3-RNA concentrations. 
 
[N3-RNA] [alkyne] [Cu(II)] [THPTA] [Asc.] Yield 
50 nM 50 µM 100 µM 500 µM 1 mM > 80% 
1 - 10 µM 500 µM 100 µM 500 µM 1 mM quantitative 
50µM 2 mM 500 µM 2.5 mM 5 mM quantitative 
General conditions: 50 mM phosphate buffer, 37°C, 2 h 
 
Fluorescent labeling of RNA by SPAAC 
As previously mentioned, incorporation of azide instead of an alkyne functionality into 
biomolecules has the added advantage that the incorporated azide can be used not only for 
copper-catalyzed but also for other, copper-free click reactions, namely strain promoted click 
reaction and Bertozzi-Staudinger ligation. To prove the generality of our approach we 
performed strain promoted click reaction for attachment of sensitive fluorescent dyes to the 
3´-end of our modified RNA. 
 
Detection limit for fluorescently labeled RNA 
After incorporation of either one of the four 2´-N3-nucleotides and conjugation with an 
Alexa Fluor 647 alkyne by CuAAC we were able to visualize as low as 100 amol as clear 
band on 12 % denaturing polyacrylamide sequencing gel. Lower amounts like 50 or 25 amol 
resulted in blurry but still distinguishable spots on the gel. 
 
Fluorescent labeling of total RNA isolated from E. coli 
To check the applicability of our labeling approach towards labeling of long RNA of 
biological origin we have isolated total RNA from E. coli and subjected it to tailing with 2´-N3-
2´-dUTP and yeast PAP followed by CuAAC functionalization with Alexa Fluor 647 alkyne. 
To prevent degradation of RNA sample, the CuAAC protocol had been slightly modified (30 
min incubation at 250C instead of 2h incubation at 370C). In PAGE analysis the appearance 
of fluorescent bands that perfectly overlay with bands visible after non-specific RNA staining 
by SYBR Gold indicated successful functionalization of long RNA without any degradation by 






Enzymatic manipulation of the azido-modified 3´-termini of PAP reaction 
products 
In contrary to the class III substrates (Fig. 4.11), enzymatic modification with class I 
and class II substrates leaves a hydroxyl functional group at the modified RNA 3´-terminus 
which, in principle, can further take part in various other enzymatic reactions. To test this 
assumption, we investigated the feasibility of i) further polyadenylation of these modified 
RNAs with yeast and E. coli PAP, ii) carrying out an adapter ligation to attach a short DNA 
strand to the modified 3´-end and iii) a splint-mediated ligation in order to add a second RNA 
strand to the modified 3´-end. The results of polyadenylation and adapter ligation are 
summarized in table 4.5. 
 
Table 4.5: Enzymatic manipulation of 3’-termini of RNA previously modified in PAP reactions. 
 
Polyadenylation* by 3’-terminal  
modified nt Yeast PAP E. coli PAP 
Adapter ligation 
none + (~ 93%) + (> 95%) + (> 95%)*** 
2'-N3-2'-dA + (~ 65%) + (> 95%) + (~ 75%)*** 
2'-N3-2'-dC      - (< 5%)** + (> 95%) + (~ 90%)*** 
2'-N3-2'-dG - (< 5%) + (> 95%) + (~ 85%)*** 
2'-N3-2'-dU - (< 5%) + (> 95%) + (~ 80%)*** 
3'-N3-2',3'-ddA 
3'-N3-2',3'-ddT 
not possible (3’-terminus blocked) 
(1x) 8-N3-A + (~84-89%)    + (~ 50-80%)*** 
(2x) 8-N3-A - (< 5%) 
n.d. 
(+) (~ 8-40%)*** 
* in presence of 500 µM ATP, 1 h, 37°C; ** a higher fraction of 
polyadenylated sequences was attributed to remaining, non-modified 
RNA; *** consumption of starting material (RNA) 
 
Polyadenylation was found to be inefficient with yeast PAP in case of RNA strands 
bearing 2´-N3-modified nucleotides at their 3´-end whereas E. coli PAP can accept these 
modified ends quite well and catalyzed quantitative polyadenylation. RNAs bearing a single 
8-N3-A at their 3´-end could be polyadenylated in a near quantitative fashion with yeast PAP 
while RNAs bearing two or multiple 8-N3-A at their 3´-termini could not be efficiently 
polyadenylated by the same enzyme. Therefore we concluded that the polyadenylation 
reaction was inhibited when multiple 8-N3-A were present on the RNA 3´-end. 
We also tested the feasibility of ligating a chemically pre-adenylated DNA adapter to 
the modified 3´-end of the RNA by T4 RNA ligase 1 and T4 RNA ligase 2 truncated. The 
RNA strands containing one 8-N3-A were accepted as efficiently as the unmodified RNA, 
whereas there was a strong bias against sequences with two 8-N3-A modifications. For 2´-N3-
nucleotide containing sequences, such a preference was not observed. In addition to the 
desired ligation product, we observed some concatenated and circularized RNAs all of which 
resulted from the 5´-radioctive monophosphate (required for visualization in phosphor-imager 
scan) present at the 5´-terminus of the modified RNA. We did not observe any of these side 
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products in case of non-labeled RNA lacking a monophosphate at the 5´-end. These 
observations for side product formation were indeed in accordance with previous reports in 
the field of adapter ligation (260). 
Furthermore the possibility of joining a second RNA strand was tested by splinted 
ligation. This would convert the 3´-terminal azido-modification into an internal modification 
within a defined RNA sequence and considerably extend the scope of our approach for RNA 
labeling. To demonstrate the feasibility of this idea we have used two different phage ligases 
namely T4 DNA ligase (T4 Dnl) and T4 RNA ligase 2 (T4 Rnl2) for ligation of a 34 nucleotide 
RNA fragment to a 30 nucleotide long RNA modified with 2´-N3-2´-dGTP and yeast PAP at its 
3´-end. For this purpose we have designed a 64 nucleotide DNA splint (Tab. 4.3 for 
sequence information) encompassing both ligation fragments completely. Although both 
enzymes accepted this modified 3´-end for ligation, T4 Rnl2 showed slightly better ligation 
efficiency compared to T4 Dnl. We observed higher ligation efficiencies for both enzymes at 
370C for an incubation time of 1h compared to overnight incubation at 160C. With a 5 fold 
excess of the donor strand and an incubation period of 1h at 370C we observed ca 50 % 
ligation yield for T4 Dnl and ca 80 % for T4 Rnl2. This is the first example of a successful 
splint-mediated ligation where a non-natural azide functional group is present directly at the 
ligation site. 
As expected, ligation was not possible at all if the fragment carrying the azide 
modification has first been subjected to CuAAC for attaching a fluorophore and then to 
ligation. This is due to the small size of the azide functional group compared to a bulky 
fluorophore and therefore RNA modified with an azide functional group can still be 
recognized as substrate by ligases whereas RNA modified with a bulky fluorophore cannot. 
This directly demonstrates the advantage of our two-step labeling approach by click 
chemistry compared to one-step enzymatic labeling. 
 
CuAAC of internally azide-modified RNA 
After ligation our terminal azide modification became an internal modification. It is well 
known that the reactivity of many functional groups often decreases severely when buried 
deep inside the tertiary structure of RNA. In fact, a similar observation has also been 
reported for ethynyl and octadiynyl substitutions in DNA as well as for alkynes in single and 
double stranded DNAs. Indeed, we observed a decreased CuAAC labeling efficiency (75-85 
%) for our internally azide-functionalized RNA even at elevated concentrations of the catalyst 
and the alkyne reaction partners. The reactive azide due to its positioning in a base paired 
region of the RNA is not exposed towards the active copper-catalyst and alkyne moiety, 
which is directly reflected as a reduced yield during CuAAC conjugation. However, the local 
environment of this azide residue can be conveniently changed by the addition of a 
 70 
complementary helper DNA strand which forces the azide modification to move into a 9-
nucleotide bulge loop position (Fig. 4.13). Under these conditions we again observed 
quantitative functionalization by CuAAC. Taking into account all of these results, we are able 





In our two-step modular RNA labeling approach we exploit poly(A) polymerases to 
incorporate azide modified nucleotide to the 3´-end of the RNA of interest followed by 
derivatization of that azide residue with various bio-orthogonal click reactions. We have 
demonstrated that in comparison to a one-step enzymatic approach where the modified 
nucleotide already carries the functional group of interest, our two-step labeling strategy 
brings a number of advantages. Since the click reaction partners can be changed in a 
modular way, enzymatic conditions for single incorporation of the modified nucleotide have to 
be optimized only once and that modified RNA can be conjugated to a number of various 
different functional entities via different click reactions without either having to synthesize a 
new modified nucleotide each time or to optimize the enzymatic reaction conditions for their 
incorporation in case of every single new compound. There is certainly a big advantage of 
incorporating an azide compared to alkyne into the biomolecule because azides, unlike 
Figure 4.13: A) Schematic representation of splinted-ligation and click modification before or after 
ligation, B) click modification of internal azide in presence of complementary helper DNA strand. 
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alkynes, can participate in various other copper-free click reactions as well. We have 
successfully demonstrated this idea by using CuAAC and SPAAC for the attachment of 
sensitive fluorophores to RNA after enzymatic azide incorporation at the 3´-end of the RNA 
of interest. Despite the advantages of incorporating an azide over an alkyne into the 
biomolecule, examples of azide incorporation into nucleic acids are rare. The chemical 
instability of azides during standard solid-phase oligonucleotide synthesis (235) has 
prevented its extensive exploitation for labeling RNA by chemical approaches whereas the 
alkyne moiety has been widely used for the very same purpose. Therefore enzymatic 
reactions are an attractive alternative which has the added advantage of not being limited to 
short sequences. 
We have observed that yeast PAP can readily add one (or sometimes more) class I 
or class II azide-modified NTPs to the 3´-terminus of RNA but can, in most cases, not easily 
extend these reaction products, even with its preferred substrate ATP. This will ultimately 
lead to the dominance of RNA sequences carrying a single (or sometimes two) label in the 
reaction mixture. 
Similarly, E. coli PAP can well accept 2´-N3-2´-dATP as substrate, as well as can 
extend this modified 3´-end with its preferred substrate ATP. However, when both the NTP 
and the 3´-terminus of the RNA-substrate are 2´-N3-modified, the E. coli PAP reaction is 
considerably slowed down (by 10- to 20-fold), which again leads to the dominance of RNA 
species carrying a single 2´-azide modified nucleotide at its 3´-end in the reaction mixture. 
Unlike most other RNA 3´-end labeling approaches, we have established a method 
that is capable of introducing any one of the four (A, C, G and U) nucleotides in a chemically 
modified form. Contrary to ligase-based approaches, which are often restricted to only one 
kind of nucleotide incorporation namely cytidine (since cytidine is preferred at ligation sites 
over the other three nucleotides in the 3´-fragment by phage ligases (250,251)), our 
approach does not demand the presence of a suitable protecting group on the modified 
nucleotide to achieve single label incorporation (for example ligase-based labeling 
approaches involve modified pCp analogs where single label incorporation was achieved by 
blocking the 3´-hydroxy functional group with a phosphate residue (249)). We rather took 
advantage of kinetic control of the enzymatic reaction to ensure single label incorporation. 
This enables the 3´-terminal modification of sequences from any origin (synthetic or natural), 
causing only minimal mutation, and thereby preserving function. 
Both, the PAP reaction and the CuAAC can be adjusted to a wide range of RNA 
concentrations (at least 200 nM – 80 µM for PAP and at least 50 nM – 50 µM for CuAAC), 
thereby making our labeling strategy applicable for very low as well as very high amounts of 
RNA. Since both reactions proceed with high yield and without significant RNA degradation, 
the overall efficiency of our two-step functionalization approach is very high. As a 
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consequence, an outstanding sensitivity can be achieved upon fluorescent labeling, enabling 
the detection of RNA amounts below 100 amol, which exceeds the only comparable report of 
RNA detection sensitivity after CuAAC labeling (227) by more than three orders of 
magnitude. Other reports with similar detection limit involve incorporation of multiple 
convertible residues, thereby causing a severe mutation to the native sequence and most 
likely hampering its function (187), whereas our labeling protocol achieves the same 
detection limit with only a single (or at most two) label per biomolecule.  
Another major advantage of our labeling approach comes from the kinetic control of 
the PAP reaction – contrary to previous strategies, this enables us to incorporate a single 
label to the target RNA sequence, yet leaving an enzymatically manipulatable 3´-end after 
modification. We have successfully exploited these modified RNA 3´-ends for 
polyadenylation, adapter ligation and splinted ligation essentially broadening the scope of our 
approach towards site-specific internal modification. To achieve quantitative CuAAC labeling 
of azide functional groups present in a rather sterically non-accessible internal position of 
RNA we have used a very simple yet efficient strategy, which involves the use of a 
complementary helper DNA which forces the internal azide to move in a nine nucleotide 
bulge-loop position. With this strategy we again observed quantitative CuAAC labeling. 
Noteworthy, due to the possibility of attaching the nucleotide of choice (A, C, G, U) 
prior to ligation, we are capable of targeting any internal position within a de novo 
synthesized RNA, without mutating its sequence. This should help preserving the integrity of 
functional RNAs that are to be studied after labeling. 
To even further broaden the scope of our labeling approach and to demonstrate the 
advantages of incorporating an azide over alkyne into the biomolecule another click reaction, 
namely SPAAC, has been used to attach sensitive fluorophores to the 3´-end of the RNA 
after modification by PAP. Copper-free reactions are more compatible with living cells than 
CuAAC and may therefore allow for new in vivo applications. 
In conclusion we have established a chemo-enzymatic RNA functionalization strategy 
which does not require any special skills or lab equipments for chemical synthesis. In 
addition it involves only commercially available enzymes and compounds thereby making 
this labeling toolbox more available towards molecular biologists. Because of the modular 
nature of click chemistry this labeling approach is amenable towards incorporation of a 
diverse array of biologically relevant functional tags to the RNA without having to synthesize 
a new compound for every single functional group or optimization of enzymatic incorporation 
for every single new chemical entity. Our labeling protocol is applicable for very low as well 
as very high amounts of RNA. Moreover, this strategy offers incorporation of any one of the 
four (A, C, G, U) nucleotides in a chemically modified form, thereby causing no sequence 
mutation to the target RNA which is beneficial to preserve its function. All in all, this is an 
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unprecedented advancement in the field of site-specific, chemo-enzymatic RNA 
functionalization. 
 
4.3 Site-specific, one-pot, simultaneous double-labelling of DNA by orthogonal 
click reactions7 
 
Introducing site-specific chemical modifications into DNA is of high interest in modern life 
sciences and nanotechnology(261). The number of various different applications which 
involve the use of modified DNA is almost as large as the number of modifications that has 
been introduced on to DNA by purely chemical or biochemical means. While a lot of effort 
has been put into the design of such chemical modifications to improve certain properties of 
nucleic acids (49,50,52), various strategies by which one can introduce such modifications 
are rather limited and only little effort has been put into the development of new techniques 
to introduce such modifications site-specifically to DNA. One crucial class of such 
modifications is fluorophores which revolutionized our understanding of biological 
mechanisms by the means of direct visualization. DNA molecules carrying multiple 
fluorophores at each ends are widely used as hybridization-based probes for in vivo RNA 
imaging(262-264). Additionally DNA molecules modified with two different fluorophores at 
specific internal positions are indispensable for structural and functional studies involving 
DNA(265,266). The commonly used strategy to introduce chemical modifications into DNA 
involves the use of modified phosphoramidites or solid supports during chemical DNA 
synthesis(31,32). However this approach demands for a de novo synthesis of either the 
phosphoramidite or the solid support for each new compound, so that one can not test a 
variety of different modifications, e.g. fluorophores, easily whereas in many biophysical 
experiments it is often necessary to first screen different fluorophores for the best-suited 
spectral properties. Moreover solid-phase DNA synthesis requires rather high quantities of 
phosphoramidites which again poses an additional barrier since the synthesis of fluorophore 
modified phosphoramidites often involve many steps leading to poor overall yield of the final 
compound. Additionally the harsh reaction conditions involved in phosphoramidite-chemistry 
does not allow introduction of sensitive chemical entities(235). Coupled with the inherent 
degenerative nature of chemical oligonucleotide synthesis (Section 1.4), this approach is 
restricted to short DNA carrying single modification per biomolecule preferably at any one of 
the ends. For longer DNA carrying multiple internal site-specific modifications, mostly post-
synthetic chemo-enzymatic ligation strategies are applied which involves ligation of multiple 
singly-modified short DNA(40). Another strategy is to use different protecting groups during 
chemical DNA synthesis followed by sequential deprotection and conjugation with different 
                                                 
7 This part of the work has been performed together with J. Schoch. 
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chemical entities in a post-synthetic manner(231). However this approach requires multiple 
intermediate purifications ultimately leading to a laborious and time-consuming labelling 
protocol with poor labelling efficiency. 
Given the advantages of bioorthogonal click chemistry, an alternative strategy would 
be to incorporate two different small reactive groups site-specifically into DNA during solid-
phase synthesis and to modify them post-synthetically by orthogonal click reactions. 
Requirements therefore are orthogonal reactivities of the click-reaction partners. As 
mentioned earlier in section 1.4, the use of click reactions as a two step labelling approach 
has a range of advantages over one-step direct labelling. One such crucial advantage is that 
the building blocks can be used as versatile modules to attach a diverse array of different 
chemical functionalities. Therefore modified phosphoramidite containing the reactive handle 
has to be synthesized and incorporated only once and that modified DNA sequence can be 
stored and further functionalized at any time with a broad range of different dyes of choice 
without having to synthesize a new phosphoramidite for each new different fluorophore 
molecule. 
To this end, we envisioned that copper-catalyzed azide-alkyne cycloaddition (CuAAC) 
and inverse electron demand Diels Alder cycloaddition (DAinv) might form such a 
bioorthogonal click reaction pair (Fig. 4.14). This second reaction (DAinv) is relatively new 
among click reactions and does not require any transition metals, therefore has a high 
potential towards in vivo applications. Additionally in contrast to other metal-free click 
reactions, most notably strain-promoted azide-alkyne cycloadditions (SPAAC), the reactive 
alkenes and tetrazines are highly soluble in water; hence this click reaction is not restricted to 
cell surface labelling. Finally owing to its unprecedented high reaction rate this reaction 
allows (at least in certain cases) labelling of biomolecule with a one-to-one stoichiometry at 
sub micromolar biomolecule concentration. We rationalized that the alkynes that are reactive 
in CuAAC should not be reactive towards DAinv due to their low HOMO energies(126). 
 
Therefore in a first attempt the orthogonality of those two click reactions has been 
tested. For that purpose DNA molecules bearing different kinds of strained alkenes for DAinv 
and terminal alkyne for CuAAC were prepared by solid-phase synthesis using the 
Figure 4.14: Schematic representation of double-modification of a DNA by concurrent DAinv and 
CuAAC reaction. 
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corresponding phosphoramidites and fully deprotected, purified DNAs were subjected to 
DAinv or/and CuAAC with various different dyes either carrying tetrazines for DAinv or azides 
for CuAAC. The crude reaction mixtures, without any further purification, were directly 
analyzed by LC-MS/MS fragmentation. LC-MS/MS analysis revealed that these two click 
reactions are indeed absolutely orthogonal to each other. Dyes bearing tetrazine moieties 
have been exclusively conjugated to only strained-alkenes and dyes carrying azide 
modification has solely reacted to the terminal alkyne modification. No cross reactions have 
been found. We further revealed that the reaction sequence can be altered in any way and 
does not require any intermittent purification and most importantly these two reactions can be 
performed simultaneously in one pot without compromising the labelling efficiency just by the 
addition of all components together and incubating the reaction mixture at room temperature. 
To finally investigate the robustness of our approach for concurrent double-labelling of DNA, 
we prepared a double stranded 109mer DNA pool carrying 70 random nucleotides flanked by 
two constant primer binding domains at each end, by PCR with primers each carrying a 
single modification, namely either a terminal alkyne or a strained alkene. Thereby the 
resultant double stranded DNA pool was derivatized at each strand with either a terminal 
alkyne or a strained alkene. This double stranded DNA pool was then subjected to either 
individual DAinv and CuAAC reactions, or to a simultaneous one-pot DAinv/CuAAC reaction 
using TAMRA-tetrazine and Cy5-azide. After gel-electrophoretic separation of the reaction 
mixtures, the TAMRA scan therefore reveals all DAinv products, while all CuAAC products 
are visualized in Cy5 scan. The bands in both scan overlay perfectly, suggesting attachment 
of both dyes to the same macromolecular species. The primer-pair used for preparing the 
pool was also designed for restriction digestion with BspCNI which has been used to 
demonstrate the specificity and orthogonality of these two click reactions. Therefore the dual 
labelled PCR product after digestion with BspCNI produced two fragments -  one small 
carrying only the TAMRA dye (i.e., the DAinv product) and one large bearing only Cy5 (i.e., 
the CuAAC product). No cross-reactivity was observed. 
In summary, we found out an orthogonal click reaction pair and successfully applied 
these two reactions for site-specific, one-pot, simultaneous double-labelling of DNA. 
Although both of these reactions were known before and has individually been used for 
biomolecule labelling by our group(123,124,267) as well as by others(81,268), this is the first 
example of concurrent, one-pot, double-labelling of DNA using two different orthogonal click 
reactions. We have successfully demonstrated the orthogonality of these two reactions 
towards each other, therefore the selectivity in site-specific biomolecule labelling. We found 
no cross-reactivity between these two reactions. Using this strategy we were able to site-
specifically modify short as well as long DNA molecules with very high labelling efficiency. 
These two reactions can be applied in any order or simultaneously in one-pot without 
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compromising the labelling efficiency, just by adding all components together and incubating 
the reaction mixture at room temperature. This strategy does not involve any intermittent 
purification, therefore needs only little hands-on time. Current methodologies for introducing 
multiple modifications into DNA often involve laborious synthesis of modified 
phosphoramidites (or solid supports) or complicated enzymatic ligation schemes involving 
ligation of many smaller fragments – moreover these labelling strategies involve multiple 
purifications and often lead to very poor overall labelling efficiency. In comparison to those 
techniques, this is an unprecedented advancement for site-specific, double-labelling of DNA 
using orthogonal click reactions. 
 
4.4 Conclusion and future work 
 
In a summary, we have developed chemo-enzymatic strategies to functionalize long RNAs 
site-specifically. We have successfully demonstrated that our two-step functionalization 
strategy is far more superior to one-step direct enzymatic labelling and this two-step 
approach is rather indispensable for certain bulky modifications which, due to their severe 
sterical hindrance, cannot be accepted as a substrate by the enzyme and therefore cannot 
be inserted into the RNA. Additionally, due to the modular nature of the click reactions, our 
approaches allow functionalization of the target RNA with a diverse array of different 
chemical entities without having to synthesize a new molecule every time or optimizing the 
enzymatic reaction conditions for their incorporations for each single new compound. In 
contrast to solid-phase RNA synthesis, our approach is not limited to short sequences. We 
were able to functionalize total RNA from E. coli, 209 nucleotide long structured tandem 
riboswitch aptamers as well as random nucleic acid pool comprising of 233 nucleotides. 
These experiments clearly demonstrate the sequence independency, usability and 
robustness of our chemo-enzymatic, site-specific RNA functionalization strategy. Current 
effort in this regard is directed towards broadening these functionalization strategies. At 
present, for our initiator-based labelling approach, we are limited to only phage derived RNA 
polymerases and to only one type of promoter. We have already synthesized initiator 
nucleotides which posses all advantages of our previously described initiators but can be 
used in combination with other promoters and RNA polymerases from phages as well from 
higher organisms. Therefore current effort involves optimization of enzymatic reaction 
conditions for their efficient incorporation into RNA. Similarly, for our nucleotidyl transferase-
based RNA 3´-end labelling approach, presently we are restricted to the fact that the target 
RNA sequence has to be a substrate of the poly(A) polymerase. We are currently on the 
verge of using other nucleotidyl transferases so that we can address an even broader range 
of various different structural RNAs. In a long run, we want to combine our chemo-enzymatic 
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5´- and 3´-end labelling approaches for preparing circular ribozymes, since circular 
ribozymes are known to have higher activity, improved nuclease stability and lower divalent 
metal ion dependence(46) - thereby plausibly allowing an even broader range of applications 
for RNA-based gene-regulation systems. 
In our one-pot, concurrent functionalization approach for DNA with multiple 
fluorophores, current effort includes the development of superior copper-stabilizing ligands to 
improve the rate of this reaction. Since the DAinv reaction is extremely fast as well as 
completely compatible with living systems, we are planning to improve the rate of the CuAAC 
as well. Development of superior copper-coordinating ligands should not only facilitate the 
rate of this reaction, but also should decrease the cytotoxic effects induced by copper. 
Therefore in a long run it might be possible to implement our simultaneous, double-labelling 
approach for multicolour imaging of biomolecules in vivo in collaboration with experts in the 
respective fields. 
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5 Affinity based chemical RNomics 
 
 
5.1 Concept and workflow 
 
As mentioned earlier in section 1.1, riboswitches are solely RNA-based metabolite sensing 
gene regulatory system, currently accounting for about 3-4 % of the total gene regulation for 
certain prokaryotes(7,9,11). All riboswitches contain a simple modular architecture – a 
metabolite sensing aptamer domain and a gene regulatory expression platform. Generally, 
the aptamer domain binds its cognate metabolite with a very high affinity, often multiple 
orders of magnitude higher than their in vitro selected counterparts. As mentioned earlier in 
section 1.5, all known riboswitches have been discovered by rational approaches, followed 
by experimental verification of the candidates, and not by a random experimental screening 
strategy. These discoveries were made by either investigating mRNAs in pathways where 
biochemical evidence showed regulation, but no protein regulator had been found, or by 
genetic screens. Biocomputational approaches were mainly applied to find known aptamer 
motifs in genomes, to find known riboswitch types in different organisms, or to detect 
conserved structural elements in the untranslated regions (UTRs) of mRNAs. Given the fact 
that the de novo prediction of RNA three-dimensional structure from sequence is quite 
inaccurate in the absence of reference structures, it can be assumed that many more 
riboswitches exist that have not been discovered so far, and that may not be identified at all 
by the aforesaid approaches. 
The goal of this work is to develop a chemically driven screening strategy for the 
isolation of riboswitches and ``natural aptamers`` that does not rely on rational assumptions, 
and in a long run the application of this strategy for the isolation of currently unknown 
riboswitches, which are then to be biochemically characterized. 
This approach, which we call ``Affinity-based chemical RNomics``, does not require 
any prior sequence information of the target RNA and solely rely on the fact that all currently 
known riboswitches bind to their cognate metabolite with a very high affinity. Ideally this 
strategy should allow isolation of riboswitches from any organism, given that a total RNA 
isolate is available for that organism. One of the central concepts in this strategy is the 
conversion of metabolites to the corresponding trifunctional photoprobes.  
The general concept of our approach has been outlined in figure 5.1. The three crucial 
features of our trifunctional photoaffinity probes are: 
The metabolite - this part of the molecule is responsible for efficient binding of our 
photoprobe to the target RNA sequence. 
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A photoactivatable functionality - in our case an aryl azide which generates a reactive 
nitrene intermediate upon irradiation with UV-light and forms covalent bond with any 
nucleophiles nearby. 
A convertible affinity handle – this is a terminal alkyne in our case, which can be 
converted to an affinity handle by CuAAC with biotin azide. 
 
 
Figure 5.1: Workflow for the isolation of new riboswitches by photoaffinity crosslinking. Symbols: blue oval: 
metabolite; red asterisk: photoreactive group; green heptagon: convertible affinity handle. 
 
After binding their cognate RNAs in a total RNA preparation, these affinity probes are 
covalently crosslinked to the target RNA sequences by irradiation with UV light, thereby 
resulting in a covalent transfer of the convertible affinity handle to the target RNA sequence. 
Thus now the target sequences can be selectively fished out from the rest of the unrelated 
sequences by performing a CuAAC conjugation with biotin azide followed by affinity 
purification on a Streptavidin-agarose column. To our conclusion, this click chemistry-based 
convertible affinity tag approach is superior compared to the direct attachment of an affinity 
handle because of i) small size of the CuAAC reaction partners, thereby causing only 
minimal interference during the event of riboswitch binding to the small molecule (Section 
1.5.1) and ii) poor water solubility of biotinylated compounds. This convertible affinity handle 
is clearly an advantage over genomic SELEX approach as mentioned earlier in section 1.5.1. 
Furthermore, due to the unprecedented high reaction rate of aryl azide crosslinking (often in 
microsecond time scale), this approach might even enable us to isolate transiently interacting 
RNA species. The affinity purified RNA sequences can then be subjected to a ligation 
scheme to attach constant sequences at each end required for amplification as depicted in 
figure 5.1. Previous studies from our laboratory as well as from others(147,149,150) 
indicated stalling during reverse transcription, and therefore incomplete cDNA synthesis over 
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the cDNA level. We have used chemically pre-adenylated adapters in combination with T4 
RNA ligase 2 truncated and T4 RNA ligase 1 to achieve quantitative 3´-RNA adapter ligation. 
The second adepter ligation at the cDNA level has been achieved following a procedure 
similar to TD-PCR(269-271). The amplified sequences are to be subjected for illumine 
sequencing. Due to the enormous sampling depth achieved in modern deep sequencing 
techniques, we envisioned that the use of deep sequencing in this project might be extremely 
beneficial. 
Since this type of experimental screening approach has not been previously used to 
isolate riboswitches, we decided to validate our approach first for this purpose. Requirements 
would therefore be the synthesis of a trifunctional molecule bearing a metabolite for which 
there exists already a riboswitch. However, in addition to fish out known riboswitches, 
different attachment sites of the same metabolite, can lead to the isolation of riboswitches 
responsive to the very same metabolite but with different recognition topology. 
 
5.2 Design of the photoaffinity probes – compromise between best design  and  
synthetic effort 
 
Detailed analysis of biochemical data (and biophysical data whenever available) of a given 
riboswitch would allow us to find out the best derivatization position for its cognate 
metabolite. However, in most cases this leads to a target oriented synthesis and demands for 
a de novo synthesis of each different molecule. Although this is ideal from the viewpoint of 
biology, it is extremely laborious and to our conclusion absolutely non-judicious choice from 
the standpoint of organic synthesis. The reason for this can be divided into the two following 
stages. 
 Firstly, in the absence of biophysical data (mostly NMR data), theoretical prediction 
for the energy minimized conformer of even a small molecule is quite inaccurate. Therefore 
rationally designed trifunctional photoprobe might not show predictable behaviour during 
binding with the corresponding riboswitch. Secondly, this task becomes even more 
challenging when the riboswitch recognizes its cognate metabolite at a conformation which 
lies in a local energy minimum rather than in a global one. 
Thus, it is a prudent choice to establish a synthetic methodology which will allow 
quick derivatization of various different metabolites as well as same metabolite but through 
different attachment sites rather than a de novo target oriented synthesis approach, although 
this strategy does not meet the criteria of the best rational design in every cases. Therefore a 
convergent synthetic route has been established leading to the syntheses of a diverse array 
of different bifunctional molecules each carrying a separate functional entity for further 
attachment of the target metabolite molecule. 
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5.3 Convergent synthetic approach 
 
Retrosynthetic analyses of SAM- and amino acid-based based trifunctional photoprobes are 
shown in scheme 5.1. Among various different theoretically possible routes we have taken 




Scheme 5.1: Retrosynthetic analysis of SAM and amino acid-based trifunctional molecule. 
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5.4 Synthesis of first generation bifunctional building units 
 
5.4.1 Synthesis of carboxylic acid bearing bifunctional molecule 
 
The synthesis of the bifunctional molecule bearing a carboxylic acid for further derivatization 
with a metabolite is shown in scheme 5.2. This building module can be synthesized via a 
convergent synthetic route in only four steps with high yields as depicted in the scheme 5.2. 
The first step of the synthesis involves the selective esterification of the carboxylic acid 
moiety of the racemic propargylglycine with ethanol in presence of an unprotected primary 
amino group. It is obvious that standard carboxylic acid activation reagents for coupling to 
the corresponding alcohol will lead to the polymerization of the starting compound due to the 
presence of the free amino group. Therefore, to achieve this conversion we have used a 
modified version of Fischer´s esterification technique. Traditional Fischer´s esterification 
involves the use of a very strong and hygroscopic acid (most commonly concentrated sulfuric 
acid) in combination with high excess of one reaction component (generally the alcohol 
counterpart due to their lower boiling point compared to the acid in the majority of cases and 
thereby causing easier removal of the excess reagent) to drive the reaction equilibrium 
towards product formation. In our reaction, ethanol is used as a solvent as well as reactant to 
facilitate the reaction equilibrium towards product formation. Due to the known hydration 
problem of terminal triple bonds in strongly acidic media (which is further catalyzed by soft 
metal ions like Hg2+), we envisioned that the commonly used concentrated sulfuric acid might 
not be suitable for our purpose. Therefore we have adapted to an in situ acid generation 
system, where we have used only 3 equivalents of thionyl chloride. The reaction does not 
proceed in this case through the formation of acid chloride. Rather thionyl chloride reacts 
with the solvent, in this case ethanol, thereby generating hydrochloric acid which not only 
catalyzes the esterification reaction but also provides a transient protection of the primary 
amino functionality by protonation. It is worth mentioning here that this esterification strategy 
works best for volatile alcohols. Higher boiling alcohols (e.g. all aromatic alcohols or higher 
aliphatic alcohols) lead to the generation of side products which are often difficult to remove 
from the desired product plausibly due to the thermal stability of higher alkyl sulfates formed 
during this reaction. 
 The photocrosslinker 5 can be conveniently prepared from p-aminobenzoic acid 
following previously described procedure(272). Compounds 4 and 5 can be coupled together 
using water soluble carbodiimide in combination with a nucleophilic catalyst, DMAP, as 
indicated in scheme 5.2. The final carboxylic acid bifunctional building unit 1 can be obtained 
in high yield by a standard saponification of compound 6 (scheme 5.2). 
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 It is important to mention here that aryl azides are not stable towards heat, therefore 
reactions conditions requiring high temperatures should strictly be avoided through out this 
complete synthetic project. Furthermore, due to the presence of alkyne and azide in the 
same molecule it is recommended to avoid transition metal catalyzed reactions during the 
course of these syntheses. 
 
5.4.2 Synthesis of primary amine bearing bifunctional molecule 
 
Similarly, compound 2 can be synthesized following a similar convergent synthetic route as 
depicted in scheme 5.3. To our conclusion a higher yield can be achieved for the Boc-
protection reaction when performed with compound 4 rather than directly on 
propargylglycine. The reason can either be the poor solubility of propargylglycine compared 
to compound 4 in the reaction mixture or the Boc2O mediated activation of free carboxylic 
acid followed by reaction with the free amino group thereby leading to polymerization. The 
most crucial step in this synthesis is the selective reduction of the ester linkage in presence 
of a urethane (in Boc functional group) functionality and the terminal triple bond. This 
selective reduction can be achieved by lithium borohydride in THF. We have found this 
reducing agent particularly useful for our purpose as also discussed later. Traditional 
carbodiimide coupling between compounds 8 and 5 led to the formation of compound 9 in 69 
% yield followed by a conventional Boc deprotection with TFA in DCM to finally yield our 
bifunctional amine building module (2) in high yield (scheme 5.3). 





5.4.3 Synthesis of primary alcohol bearing bifunctional molecule 
 
The synthesis of compound 3 involves the highest number of steps compared to the other 
two building modules described previously, as depicted in scheme 5.4. Compound 10 was 
synthesized through a number of sequential protection and deprotection steps whereas this, 
in principle, could be achieved by a direct reduction of the propargylglycine. Repeated efforts 
to achieve compound 10 via direct reduction of propargylglycine by various hydride transfer 
reagents led to little or no product formation. This is plausibly due to the fact that compound 
10 bears a β-aminol architecture which are known for their excellent metal chelation property, 
water solubility, sensitivity towards aqueous acids  and volatility. Since all known hydride 
transfer based reduction methodology relies on aqueous work up, it was impossible to 
synthesize compound 10 by a direct reduction of propargylglycine. We did not observe any 
such problems during the reduction of compound 7 to compound 8 with lithium borohydride 
in THF, since the amino group is protected in this case, therefore cannot participate in metal 
chelation. Since compound 10 possess two different nucleophilic functional groups, it will not 
be possible to achieve a selective coupling of the amino group to the carboxylic acid moiety 
from 5 by means of direct coupling as has been performed in all previous cases. Rather we 
have adapted to NHS-coupling strategy which is well known for coupling of amines to 
carboxylic acids in aqueous media. However, even under optimized conditions we were able 
to achieve only 50 % yield (using stoichiometric amounts of both coupling partners) which is 
quite low in comparison to all other steps as depicted in scheme 5.4. Therefore we have 
developed an alternative synthetic route using lithium borohydride based on the selective 
reduction of an ester functional group in presence of aromatic amide, azide and terminal 
alkyne as discussed in section 5.4.4. 





5.4.4 Alternative route for the synthesis of primary alcohol bearing 
bifunctional molecule 
 
This alternative synthetic route is shown in scheme 5.5. This involves the selective reduction 
of one of our central building blocks, namely compound 6. Lithium borohydride seemed to be 
particularly useful in this case. This pathway allows the synthesis of the –OH bifunctional 
molecule in a much shorter route as compared to our previous synthetic scheme (scheme 
5.5). Furthermore, in this case one single compound, namely compound 6, can be used as a 
precursor for the synthesis of two different, -COOH and –OH bifunctional molecule. 
 
 
Scheme 5.4: Synthesis of primary alcohol bearing bifunctional molecule 
 
Scheme 5.5: Alternative synthetic route for primary alcohol bearing bifunctional molecule 
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5.5 Synthesis of amino acid (glycine and lysine) -based trifunctional photoprobes8 
 
Previous studies(155,273) with glycine and lysine responsive riboswitches reported 
moderate affinity of these regulatory RNA elements towards the corresponding ester 
derivatives of the respective amino acids. Therefore, we ideated that derivatization of these 
amino acids with our first generation bifunctional building module carrying a primary alcohol 
might be a prudent starting point for our trifunctional photoprobes because of i) the relatively 
simple synthesis involved and ii) the chemical stability of these molecules compared to some 
other trifunctional photoprobes (e.g. SAM-based trifunctional molecules (scheme 5.1) are 
extremely labile). Therefore we have established the synthesis of these two amino acid 
based trifunctional molecule as indicated in scheme 5.6. The synthesis involves activation of 
the carboxylic acids of suitably protected glycine or lysine using water soluble carbodiimide 
followed by coupling with compound 3 to obtain the respective fully protected trifunctional 
molecule in 51 % yield (for compound 12). The successive Boc deprotection with TFA in 
DCM led to the formation of the corresponding fully unprotected trifunctional photoprobe in 
quantitative yield (scheme 5.6). 
 
5.6 Photoaffinity tagging with lysine-based trifunctional molecule 
 
After establishing the synthesis of our trifunctional photoprobe, we optimized the photoaffinity 
tagging (UV-crosslinking) conditions in vitro for lysine-based trifunctional molecule, 
compound 13, with in vitro transcribed lysine riboswitch from Bacillus subtilis. One example 
is shown in figure 5.2. As expected, we observed higher yields for photoaffinity tagging with 
increasing probe equivalents. Furthermore, we have also tested the unspecific photo-tagging 
behavior of one of our bifunctional molecules, compound 3, and observed little or no tagging. 
                                                 
8 Yields depicted in scheme 5.6 are for glycine-based trifunctional molecule. These two steps corresponding to 
the synthesis of lysine trifunctional photoprobe have been performed by Benjamin Strauss. 
Scheme 5.6: Synthesis of amino acid-based trifunctional photoprobes 
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It is worth mentioning here, that our trifunctional photoprobe 13 showed certain extent of 
unspecific crosslinking with unrelated sequences when used in buffers with neutral pH. To 
our rationale, this is due to the presence of free amino groups in compound 13, which is 
indispensable for recognition by the lysine riboswitch. This primary amine becomes 
protonated in buffers with neutral pH and therefore can non-specifically interact with 
negatively charged RNA-phosphate backbone. As mentioned earlier, due to the 
unprecedented high reaction rate of aryl azide crosslinking, it is even possible to isolate 
transient interaction partners, which is to our belief, also a contributing parameter here for 
this unspecific photo-tagging. Furthermore, since the reactive nitrene formed upon 
photoactivation of aryl azides are susceptible to nucleophiles, especially primary amines, we 
recommend avoiding tris-based buffers for photoaffinity tagging experiments involving aryl 
azides. These photoaffinity tagging experiments although sound similar to well established 
UV-crosslinking experiments in traditional RNA biochemistry, are fundamentally different 
since the photoreactive moiety is present on a freely diffusible small molecule, whereas 
traditional UV-crosslinking experiments involve a photoreactive hybridization strand where 
high local concentration of the photocrosslinker is achieved via a stable duplex 
formation(272). 
 
Finally, encouraged by our in vitro test photoaffinity tagging experiments, we isolated 
total RNA from Bacillus subtilis and subjected that to in vitro photoaffinity tagging experiment 
following a protocol optimized in the aforesaid experiments. The isolated crosslinked 
sequences were then subjected to the previously described ligation protocol to attach 
constant sequences required for amplification. The amplified samples are to be subjected to 
illumina sequencing for experimental validation/characterization for their biological activities.  
 
 
Figure 5.2: In vitro photoaffinity tagging by compound 13 for lysine responsive riboswitch from 
Bacillus subtilis. RNA end concentration was maintained at 1 µM in these experiments. 
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5.7 Conclusion and future work 
 
In a summary, for our affinity-based chemical RNomics approach for the discovery of 
new riboswitches, currently we are at a position to convert many other metabolites to their 
corresponding trifunctional analogues. This is due to the availability of our convergent 
synthetic approach as well as a diverse range of different bifunctional building blocks 
available in the laboratory. Furthermore, we also have developed the synthesis of a set of 
second generation, chain-extended bifunctional building units. However, the future work of 
this project truly depends on the deep sequencing data. One major problem, as described 
previously, with our trifunctional lysine-based photoaffinity probe is its unspecific interaction 
to nucleic acid backbone. Current effort includes optimization in buffer compositions and pH 
to suppress this unspecific crosslinking. Presently we are at a stage of validating our 
approach. Therefore we can also use other metabolite-based trifunctional molecules for this 
purpose. Requirements would therefore be the existence of a known riboswitch for that 
particular metabolite. One example could be a trifunctional molecule based on glycine for 
which we have already established the synthesis. This molecule should not have the 
aforesaid unspecific crosslinking problem since it lacks a primary amino group, therefore 
would not be positively charged in a neutral pH environment. Depending on the sequencing 
data, it might be beneficial to prepare bacterial RNA sample which has depleted ribosomal 
and transfer RNAs. After finding the known riboswitch sequence in our data-set (thereby 
establishing the proof of principle for our affinity based chemical RNomics approach), efforts 
will be directed towards validating the other sequences (if any) for their biological function by 
various in vitro and in vivo experiments. 
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6 Conclusion and future work 
 
 
In our ligation related work, we have successfully established a splinted-ligation strategy to 
prepare dual fluorophore-labelled full-length riboswitch constructs for bulk- and SM-FRET 
measurements for studying ligand induced folding dynamics of SAM-I riboswitch. To our 
conclusion, T4 RNA ligase 2 is much more efficient in joining nicks of RNA in a double 
stranded environment compared to T4 DNA ligase. We have optimized the ligation scheme 
to improve the overall yield of the full-length ligation product from 1 % to 10 %. However, we 
believe that further optimizations of the pH of the ligation buffer might improve the ligation 
yield. It is noteworthy here that we have observed incorrect annealing of some of the ligation 
fragments when only four fragments are used together with the DNA-splint, previously used 
for the 5-way ligation. This indicates that the correct formation of ligation competent complex 
(LCC) can be prevented, ultimately leading to decreased overall yield of the product. This 
seems to be a general problem for all transcriptionally acting riboswitches. This is due to the 
fact that for all transcriptionally acting riboswitches, the 3´-end of the P1 stem has certain 
sequence complementarity to the 5´-end of the terminator hairpin. Therefore even though 
longer ligation fragments are used (in our case each fragment consists of 34 nucleotides 
which is almost as large as gene-specific primers used in our laboratory to amplify specific 
riboswitch transcription templates from isolated genomic DNA) there can always be some 
extent of incorrect annealing. This can be prevented by using multiple smaller DNA splints, 
each capable of hybridizing to a particular RNA fragment and afterwards leaving a sticky end 
for overlap with its neighbouring fragment. Thus, all RNA fragments can be separately 
annealed to its specific DNA splint, then brought together into one reaction vessel and 
allowed for the formation of the complete LCC by the help of the sticky ends present in each 
heteroduplex. This ligation strategy is currently under investigation in our laboratory. 
 In case of our aim to address ligand induced folding dynamics of riboswitches, we 
have observed similar folding phenomena for the complete riboswitch with its expression 
platform as reported earlier for only the aptamer region. However we made a couple of 
observations in studies involving a slightly different, yet non-cognate metabolite, which can 
not be explained by any known facts about this riboswitch to date. We believe that these data 
might further shed light on the gene regulation of riboswitches by premature transcription 
termination and hopefully settle down the long standing discussion about the ``switching`` 
behaviour of these regulatory RNA elements in vivo. 
 During the course of the aforementioned work, we realized the limitations of existing 
nucleic acid functionalization strategies. Therefore we decided to use bioorthogonal click 
reactions as part of our functionalization strategy. After choosing the best click reaction for 
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our purpose and having its conditions optimized we have developed chemo-enzymatic 
strategies to functionalize long RNAs site-specifically. We have successfully demonstrated 
that our two-step functionalization strategy is far more superior to one-step direct enzymatic 
labelling and this two-step approach is rather indispensable for certain bulky modifications 
which, due to their severe sterical hindrance, cannot be accepted as a substrate by the 
enzyme and therefore cannot be inserted into the RNA. Additionally, due to the modular 
nature of the click reactions, our approaches allow functionalization of the target RNA with a 
diverse array of different chemical entities without having to synthesize a new molecule every 
time or optimizing the enzymatic reaction conditions for their incorporations for each single 
new compound. In contrast to solid-phase RNA synthesis, our approach is not limited to 
short sequences. We were able to functionalize total RNA from E. coli, 209 nucleotide long 
structured tandem riboswitch aptamers as well as random nucleic acid pool comprising of 
233 nucleotides. These experiments clearly demonstrate the sequence independency, 
usability and robustness of our chemo-enzymatic, site-specific RNA functionalization 
strategy. Current effort in this regard is directed towards broadening these functionalization 
strategies. At present, for our initiator-based labelling approach, we are limited to only phage 
derived RNA polymerases and to only one type of promoter. We have already synthesized 
initiator nucleotides which posses all advantages of our previously described initiators but 
can be used in combination with other promoters and RNA polymerases from phages as well 
from higher organisms. Therefore current effort involves optimization of enzymatic reaction 
conditions for their efficient incorporation into RNA. Similarly, for our nucleotidyl transferase-
based RNA 3´-end labelling approach, presently we are restricted to the fact that the target 
RNA sequence has to be a substrate of the poly(A) polymerase. We are currently on the 
verge of using other nucleotidyl transferases so that we can address an even broader range 
of various different structural RNAs. In a long run, we want to combine our chemo-enzymatic 
5´- and 3´-end labelling approaches for preparing circular ribozymes, since circular 
ribozymes are known to have higher activity, improved nuclease stability and lower divalent 
metal ion dependence(46) - thereby plausibly allowing an even broader range of applications 
for RNA-based gene-regulation systems. 
In our one-pot, concurrent functionalization approach for DNA with multiple 
fluorophores, current effort includes development of other copper-stabilizing ligand to 
improve the rate of this reaction. Since the DAinv reaction is extremely fast as well as 
completely compatible with living systems, we are planning to improve the rate of the CuAAC 
as well. Development of superior copper-coordinating ligands should not only facilitate the 
rate of this reaction, but also should decrease the cytotoxic effects induced by copper. 
Therefore in a long run it might be possible to implement our simultaneous, double-labelling 
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approach for multicolour imaging of biomolecules in vivo in collaboration with experts in the 
respective fields. 
For our experimental RNomics approach, currently we are at a position to convert 
many other metabolites to their corresponding trifunctional analogues. This is due to the 
availability of our convergent synthetic approach as well as a diverse range of different 
bifunctional building blocks available in the laboratory. However, the future work of this 
project truly depends on the deep sequencing data. One major problem, as described 
previously, with our trifunctional lysine-based photoaffinity probe is its unspecific interaction 
to nucleic acid backbone. Current effort includes optimization in buffer compositions and pH 
to suppress this unspecific crosslinking. Presently we are at a stage of validating our 
approach. Therefore we can also use other metabolite-based trifunctional molecules for this 
purpose. Requirements would therefore be the existence of a known riboswitch for that 
particular metabolite. One example could be a trifunctional molecule based on glycine for 
which we have already established the synthesis. This molecule should not have the 
aforesaid unspecific crosslinking problem since it lacks a primary amino group, therefore 
would not be positively charged in a neutral pH environment. Depending on the sequencing 
data, it might be beneficial to prepare bacterial RNA sample which has depleted ribosomal 
and transfer RNAs. After finding the known riboswitch sequence in our data-set (thereby 
establishing the proof of principle for our affinity based chemical RNomics approach), efforts 
will be directed towards validating the other sequences (if any) for their biological function by 
various in vitro and in vivo experiments. 
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7 Experimental section 
 
 
7.1 General molecular biology methods 
 
Enzymes were purchased from commercial providers and unless otherwise stated used 
following a protocol recommend by the manufacturer. Gels were stained (wherever 
applicable) by SYBR Gold following conditions recommend by the manufacturer (Invitrogen). 
All polyacrylamide gels were visualized by a Typhoon 9400 variable mode scanner. 
Oligonucleotides bearing fluorophores are scanned in the fluorescence channel by excitation 
with a suitable laser on Typhoon. For visualizing radioactive bands, storage phosphor 
screens (GE Healthcare) were exposed to the gels and scanned by excitation with a 633 nm 
laser. If not otherwise stated, during all quantifications radioactive bands were background-
corrected (to the object average of a region in the gel not containing any radioactive bands), 
and quantified using ImageQuant software (Molecular Dynamics; version 5.2). 
Oligonucleotides were purchased from either IBA or Dharmocon and used directly without 
any further purification. The overlay pictures for multiple fluorophore labeled oligonucleotides 
were created by using ImageQuant and splinted-ligation yields were calculated by 
normalizing the fluorescence of a Cy5 scan over one lane. Agarose gels were pre-stained 
with Ethidium bromide and visualized in a alpha-imager. For Streptavidin-shift gels, glycerol 
gel-loading buffer is used instead of denaturing formamide-gel loading buffer. For gel 
analysis of fluorophore labeled oligonucleotides, xylene cyanol and bromophenol blue were 
omitted in the gel-loading buffer to prevent interference with fluorescence scan. 
 
Table 7.1: List of commercial providers for enzymes used in this study 
 
Enzyme Supplier 
Shrimp alkaline phosphatase (SAP) Fermentas 
Calf intestine alkaline phosphatase (CIAP) Fermentas 
Polynucleotide kinase (PNK) Fermentas 
T4 DNA ligase (T4 Dnl) Fermentas 
T4 RNA ligase 1 (T4 Rnl1) NEB 
T4 RNA ligase 2 (T4 Rnl2) NEB 
T4 RNA ligase 2 truncated (T4 Rnl2 tr) NEB 
DNase I Fermentas 
T7 RNA polymerase (T7 RNAP) Fermentas 
T3 RNA polymerase (T3 RNAP) Promega 
SP6 RNA polymerase (SP6 RNAP) Fermentas 
Taq DNA polymerase Biozyme 




7.2 Bulk FRET measurements 
 
All fluorescence measurements were performed using Jasco FP-6500 Spectrofluorometer 
(Labor- und Datentechnik GMBH Deutschland, Gross-Umstadt). The emission spectrum was 
recorded with the following device settings: excitation wavelength 532 nm, data pitch 0.5, 
scanning speed 1000 nm/min, emission band-pass 550 – 750 nm. The bulk FRET 
efficiencies (EFRET) of different constructs were calculated by comparing the fluorescence 
emission intensities of the donor (Cy3) and the acceptor (Cy5) dyes using the following 
equation: 
 
For refolding of the riboswitch 2 pmol of RNA was incubated for 1 min at 90 °C in 15 µl of 
Tris-buffer (50 mM Tris-HCl pH 8.5 at 22 0C, 20 mM MgCl2, 100 mM KCl) followed by cooling 
at room temperature for 15 min. After 2 min of equilibration the emission spectrum (550 –
 750 nm) was recorded. The data were corrected using a device specific correction function. 
Of three consecutive measurements the maximum intensities of the donor as well as the 
acceptor were extracted and the means and standard deviations were calculated. For all six 
constructs measurements were performed with RNA-only (native state), with 2 nmol of S-
adenosyl-L-homocysteine (SAH) and 2 nmol of S-adenosyl-L-methionine (SAM) dissolved in 
SAM-diluent (10 % (v/v) ethanol in 5 mM H2SO4) at 10 °C and 25 °C. 
 
7.3 Quantitative enzymatic phosphorylation of the RNA 5´-end for ligation 
 
To a solution of dye labeled RNA (end concentration 40 µM) in Kinase Ligation (KL) buffer 
(50 mM Tris-HCl pH 7.4, 10 mM MgCl2) was added ATP and DTT to an end concentration of 
2 and 5 mM respectively followed by the addition of T4 PNK (10 u/µl, Fermentas, St. Leon-
Rot, Germany) to an end concentration of 0.75 u/µl. The resulting mixture was incubated at 
37 °C for 60 min while shaking at 600 rpm and afterwards subjected to phenol-ether 
extraction. For extraction of the RNA one volume of aq-phenol (lower phase) was added to 
the reaction mixture and vortexed thoroughly. Layers were separated by centrifugation at 
13000 rpm and the organic phase was discarded. This procedure was repeated twice. To the 
aqueous phase was added three volume of aq-ether (upper phase) followed by vortexing and 
separating the layers by centrifugation at 13000 rpm. This procedure was repeated twice. 
Subsequently the RNA was precipitated by adding 5 M ammonium acetate (pH 5.6) to a final 
concentration of 0.5 M and 2.5x volumes of -80 °C ethanol. The pellet was dried by using the 
Concentrator 5301 (Eppendorf, Wesseling-Berzdorf, Germany) and the RNA was re-
dissolved in water.  
IA: Maximum emission intensity of the acceptor dye (Cy5) 
ID: Maximum emission intensity of the donor dye (Cy3) 
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Table 7.2: List of sequences used to prepare dye-labeled riboswitch constructs by splinted-ligation. 
 


















AJ7- AS-yitJ-1 5´-pAUAUCCGUUCUUAUCAAGAGAAGCAGAGGGACUG-3´ Ligation fragment 
AJ8- AS-yitJ-2 5´-pGCCCGACGAUGCUUCAGCAACCAGUGUAAUGGCG-3´ Ligation fragment 
AJ9- AS-yitJ-3 5´-pAUCAGCCAUGACUAAGGUGCUAAAUCCAGCAAGC-3´ Ligation fragment 















7.4 Splinted ligation 
 
The dye-labeled SAM-riboswitch constructs were prepared via splinted ligation. For the 
formation of ligation competent complex (LCC) 5 ligation fragments at an end concentration 
of 10 µM each were annealed to the DNA splint at an end concentration of 9.5 µM by heating 
at 90 °C for 1 min followed by cooling down for 15 min at room temperature in Ligation buffer 
(1x KL-buffer, 50 µM ATP, 5 mM DTT). Subsequently T4 RNA ligase 2 was added and the 
mixture was incubated at 37 °C while shaking at 600 rpm for various durations as indicated in 
every experiment. For digesting the DNA splint, DNase I (50 u/µl, Fermentas, St. Leon-Rot, 
Germany) was added to an end concentration of 0.5 u/µl and the resulting mixture was 
incubated at 37 °C while shaking at 600 rpm for various durations as indicated in every 
experiment. Analytical ligations were performed in a total volume of 20 µl and preparative 
ligations in 300 µl. For inactivation of DNase I one volume of FA-buffer (90 ml Formamide, 
10 ml 10x Tris/Borate/EDTA-buffer) was added followed by a heat-shock treatment at 90 °C 
for 15 sec then cooling in ice. 
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7.5 Analysis and purification of the ligated constructs 
 
Analysis and purification of ligated constructs has been performed using 8 % denaturing 
polyacrylamide gels. Prior to sample loading, gels were pre-run at 15 W and 150 mA for 
15 min. For analysis, gels were scanned using Typhoon 9400 Variable Mode Imager 
(Amersham Bioscience, Freiburg, Germany) using the following settings: 
Fluorescein channel: Excitation with green laser (532 nm) and 526 nm SP emission filter. 
Cy3 channel: excitation with the same laser and 580 nm BP 30 emission filter. Cy5 channel: 
excitation with red laser (633 nm) and 670 nm BP 30 emission filter. 
In preparative gels samples were loaded twice (preparative and analytical lanes) and 
preparative lanes were covered with an aluminium foil to avoid dye bleaching during 
scanning procedure; only analytical lanes were exposed towards Typhoon scan. 
 From preparative gels bands containing desired constructs were excised and the 
RNA was eluted using 0.5 M ammonium acetate (pH 5.6) solution by overnight shaking at 
650 rpm at 20 0C followed by ethanol precipitation as described before. The RNA pellet after 
drying was re-dissolved in water and concentration was checked using the nano-drop 
(Peqlab, Nanodrop ND-1000 Spectrophotometer). 
 
7.6 General protocol for CuAAC 
 
We always prefer in situ generation of Cu(I) by the reduction of Cu(II) salts. For this reduction 
purpose we recommend sodium ascorbate or ascorbic acids rather than any other 
phosphine-based reducing agents since phosphine-based reducing agents also reduce the 
reactive azide when present in high concentration. In every experiment, 5 equivalents of the 
copper-coordinating ligand and 10 equivalents of the Cu(II) reducing agent with respect to 
Cu(II) was used. We had best experience by using a combination of sodium ascorbate and 
CuSO4. Although Cu(OAc)2 is also reported for the same purpose we observed slightly 
reduced efficiency in the CuAAC labeling when this salt is used as a source of Cu(II). The 
Cu(II) salt was always added last to prevent biomolecule degradation. Unless otherwise 
stated, all CuAAC reactions were performed in 50 mM sodium phosphate buffer (pH 7.0) at 
37 0C. Reaction durations are depicted in individual experiments. During labeling of very 
large RNAs by CuAAC we recommend rather lower temperature. For labeling DNA, the 
reaction temperature can be increased up to 40oC to facilitate the reaction rate. We strongly 
recommend avoiding buffers containing primary amines. The reaction can be alternatively 
performed in acetate-based buffers. For a nucleic acid end concentration of 1-10 µM in the 
CuAAC reaction mixture, 500 µM of Cu(II) and 60-100 µM of the other reaction partner 
generally leads to quantitative labeling. Obviously the reaction rate can be improved using 
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one component in high excess. Addition of DMSO or any other donor solvents leads to a 
decrease in CuAAC labeling efficiency when THPTA is used as a ligand. Generally the 
oligonucleotide after CuAAC labeling is either directly analyzed on a gel or immediately 
purified. In case of direct gel analysis of the reaction mixture, equal volume of formamide gel-
loading buffer was added. 
 
7.7 General protocol for in vitro transcription 
 
Table 7.3: Protocol for transcriptional labeling. 
 
Components End concentration 
DNA template 0.2 µM 
Transcription buffer 1 X 
DTT 10 mM 
BSA 0.04 mg/ml 
UTP/ATP/CTP Individual experiments 
GTP Individual experiments 
Initiator nucleotide 4 mM 
α-32P-CTP  0.8 µCi/µl 
T3/SP6/T7 RNAP 1-2 u/µl 
 
All components except the enzyme were mixed together and the mixture was heated to 70 
0C for two minutes followed by cooling down to room temperature for 15 min to allow the 
template to anneal. Afterwards the polymerase was added and the reaction mixture was 
incubated for 2 hrs followed by either removal of enzyme by phenol-ether extraction and 
ethanol-precipitation of the transcript from 0.5 M NH4OAc buffer with the help of glycogen as 
carrier to an end concentration of 0.2 µg/µl or direct purification of the transcript by 
preparative gel electrophoresis. In addition to the aforesaid annealing protocol, synthetic 
DNA templates were annealed prior to the transcription in hybridization buffer (10 mM Tris-
HCl pH 7.5 with 80 mM NaCl). This additional annealing step was omitted when PCR product 
was used as transcription template. Generally the DNA template was added at the end to the 
transcription reaction mixture and the whole mixture containing everything was never placed 
in ice to avoid spermidine facilitated precipitation of template DNA. 
Table 7.4: Composition of 1X transcription buffer. 
 
Components End concentrations 
Tris-HCl buffer pH 8.1 at 25 °C 40 mM 
Spermidine 1 mM 
MgCl2 22 mM 

































SP6 template antisense 
5´-TCTAATACGACTCACTATA-3´ T7 template sense 
5´-AGATTATGCTGAGTGATATCCAGTAGTCGGAAGTGAGG-
3´  
T7 template antisense 
methoxy* 
*The two bold G´s are carrying the 2´-methoxy modification 
 
7.8 General protocol for quantitative biotinylation of alkyne bearing transcripts 
 
7.8.1 For transcripts carrying ethynyl moiety 
 
Table 7.6: Components of CuAAC labeling for ethynyl modified transcript. 
 
Components End concentration 
Azide component 0.75 mM 
CuSO4 0.5 mM 
Sodium ascorbate 5 mM 
THPTA 2.5 mM 
Sodium phosphate buffer pH 7.0 50 mM 
 
All components were mixed together and the reaction mixture was incubated for 2 hr at 37 
0C. Afterwards the labeled transcript was purified by ethanol precipitation with glycogen as a 
carrier. This protocol allows quantitative labeling at as low as 5 nM transcript concentrations.  
The use of such high excess of the azide counterpart ensures quantitative labeling even in 
the case of some extent of co-precipitation of the initiator dinucleotide with the transcript.  
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7.8.2 For transcripts carrying octadiynyl moiety 
 
Table 7.7: Components of CuAAC labeling for octadiynyl modified transcript. 
 
Components End concentration 
Azide component 0.25 mM 
CuSO4 0.5 mM 
Sodium ascorbate 5 mM 
THPTA 2.5 mM 
Sodium phosphate buffer pH 7.0 50 mM 
 
The long flexible alkyne moiety is sterically much more accessible compared to the 
previously described ethynyl moiety thereby requiring rather low concentrations of the azide 
component for quantitative functionalization. 
  
7.9 General organic synthesis methods 
 
Unless otherwise stated, all chemicals and dry solvents were purchased from commercial 
providers and used directly without any further manipulation. TLC was performed on 
Macherey-Nagel pre-coated POLYGRAM SILG/UV-254 plates and visualized using UV light. 
Column chromatography was performed using silica gel (0.04 mm, 60 Å, Baker). Organic 
extracts were dried over anhydrous sodium sulphate. Solvents were evaporated with a rotary 
evaporator under reduced pressure at ≤ 35 0C (unless otherwise stated). All organic 
compounds are vacuum dried at room temperature. All compounds bearing aryl azide are 
strictly protected from light and have been subjected to temperatures strictly not higher than 
40 0C during any kinds of synthetic handling. Aromatic azides are potentially explosive. NMR 
spectra were recorded on a Varian-300 MHz spectrometer or Varian-500 MHz spectrometer. 
EI and FAB mass spectra were recorded using Finnigan MAT 8200 and MALDI were 
recorded using Bruker BiFlex III. HR-ESI was recorded using - Bruker micrOTOF-Q II. FT-IR 
was recorded using JASCO FT/IR 4100 spectrometer. 
 
7.10 General procedure for the selective esterification of unprotected amino 
acids 
 
A solution of the amino acid in the corresponding alcohol (3 ml of alcohol per mmol of the 
amino acid) was cooled to 00C followed by the dropwise addition of thionyl chloride (3 
equivalents with respect to the amino acid). The resulting mixture was stirred at 00C for 
another 5 min followed by refluxing until the completion of the reaction (TLC). The crude 
reaction mixture was directly evaporated in a rotary evaporator and dried under vacuum 
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overnight. The resulting solid (hydrochloride salt of the esterified amino acid) does not 
require any further purification and can be directly used in the next step. 
 
7.11 General procedure for tbutyloxycarbonyl protection  
 
To a solution of the amine in 1:1 water-dioxane (4 ml of each solvent per mmol of the amine) 
was added 3 equivalents of DIEA dropwise at 0 0C. The ice-bath was removed after 5 min 
followed by the dropwise addition of Boc2O at room temperature. The reaction mixture was 
left stirring at room temperature until finished (TLC, generally overnight) followed by the 
addition of 0.05 M HCl until just neutral. Dioxane was removed using rotary evaporator and 
the aqueous part was partitioned with DCM or chloroform followed by washing with 0.05 M 
HCl to remove traces of DIEA. The organic layer was evaporated and dried in vacuum 
overnight. In most of the cases, the crude product does not require any further purification 
and contains only tert-butanol, therefore can be used directly in the next step. 
 
7.12 General procedure for water soluble carbodiimide (EDC.HCl) mediated 
coupling 
 
1.5-2.0 equivalents of EDC.HCl and 0.1-0.2 equivalents of DMAP were added to a pyridine 
(5 ml per mmol of the carboxylic acid) solution of the carboxylic acid reaction partner and the 
resulting mixture was stirred for ca 30 min. A visible change in the appearance of the solution 
generally indicates the successful activation of the carboxylic acid. A pyridine (3 ml per mmol 
of the alcohol or amine) solution of the amine or the alcohol reactant was added drop-wise to 
the aforesaid activated carboxylic acid solution at room temperature and the resulting 
reaction mixture was left stirring at room temperature until the completion of the reaction 
(TLC). The crude reaction mixture was evaporated to remove the pyridine and redissolved in 
DCM or CHCl3 followed by washing with saturated NH4HCO3 solution. The organic layer was 
dried, evaporated and purified by flash column chromatography. 
Alternatively this coupling reaction can be performed in DCM or CHCl3. EDC.HCl is 
preferred over EDC because of its higher stability for long term storage. Instead of using 
NH4HCO3 solution, NaHCO3 solution can also be used, however this did not lead to the best 






7.13 General procedure for lithium borohydride reduction of esters to the 
corresponding alcohols 
 
To a solution of the ester in anhydrous THF (0.5 ml of THF per mmol of the ester) was added 
1.6 equivalent of a 2.0 M solution of lithium borohydride in THF and the resulting reaction 
mixture was left stirring at room temperature until completion (TLC). Afterwards the reaction 
mixture was cooled in ice and slowly quenched by 50 % aqueous acetic acid. The resulting 
mixture was diluted with water, followed by the partitioning with DCM. The resultant organic 
layer was occasionally washed with very dilute aqueous acetic acid, evaporated and dried 
under vacuum. The crude product, if required, can further be purified by flash column 
chromatography.  
 
7.14 General procedure for saponification 
 
To a solution of the ester in methanol (5 ml of the solvent per mmol of the ester) was added 3 
equivalents of 1.0 M NaOH followed by stirring at room temperature until the TLC reveals 
complete consumption of staring material. The reaction mixture was neutralized by the 
addition of equal amount of 1.0 M HCl followed by cooling in ice. This generally leads to the 
precipitation of the saponified acid, which can be filtered and washed with ice cold water. The 
resulting solid has to be thoroughly dried under vacuum overnight and does not require any 
further purification. Alternatively when no precipitation occurs, methanol should be 
evaporated from the reaction mixture and the product can be recovered by partitioning with 
suitable organic solvents. Care should be taken during neutralization. Addition of 
concentrated as well as excess acid should be avoided to prevent precipitation of high 
amounts of NaCl. Little amounts of NaCl can be removed during washing the precipitated 
acid with ice cold water. However many carboxylic acids are partly soluble in water. 
 
7.15 General procedure for Boc deprotection 
 
TFA (0.6 ml per mmol of the substrate) was added to a solution of the Boc-protected 
substrate in DCM or CHCl3 (5 ml of the solvent per mmol of the substrate) at 00C. The 
resulting mixture was left stirring at 00C for another 5 min and then continued stirring at room 
temperature until TLC revealed complete consumption of starting material. The reaction 
mixture was evaporated in a rotary evaporator and thoroughly vacuum dried overnight. This 
dried product can be directly used in any further application. If required, the resulting 
deprotected amine can be partitioned using a 4 to 1 CHCl3-isopropanol or 8 to 2 DCM-
methanol mixture as organic solvent. 
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7.16 Analytical data of synthesized molecules 
 
Ethyl 2-aminopent-4-ynoate (4) 
1H NMR (300 MHz, CD3OD) 
δ 1.34 (t, 3H), 2.67 (t, 1H), 2.84 - 3.00 (m, 2H), 4.24 – 4.29 (m, 1H), 4.30 – 4.39 (m, 2H) 
13C NMR (300 MHz, CD3OD) 
δ 14.41, 21.30, 52.65, 64.05, 75.26, 76.86 
FAB-MS 
[M+3H]+ = C7H1NO2  m/z 143.2 
 
4-azidobenzoic acid (5) 
Synthesized according to previously published procedure(272) 
 
Ethyl 2-(4-azidobenzamido)pent-4-ynoate (6) 
1H NMR (300 MHz, CD3OD) 
δ 1.28 (t, 3H), 2.39 (t, 1H), 2.75 – 2.92 (m, 2H), 4.19 – 4.2 (dq, 2H), 4.69 – 4.74 (m, 1H), 7.15 
- 7.19 (m, 2H), 7.87 - 7.92 (m, 2H) 
13C NMR (300 MHz, CD3OD) 
δ 13.26, 20.86, 20.89, 52.36, 61.55, 70.99, 79.03, 118.83, 129.26, 130.34, 144.05, 167.98, 
170.72 
FAB-MS 
[M+H]+ = C14H14N4O3  m/z 287.1 
 
2-(4-azidobenzamido)pent-4-ynoic acid (1) 
1H NMR (300 MHz, CD3OD) 
δ 2.36 (t, 1H), 2.76 – 2.94 (m, 2H), 4.70 – 4.75 (m, 1H), 7.14 - 7.19 (m, 2H), 7.88 - 7.93 (m, 
2H) 
13C NMR (300 MHz, CD3OD) 








Ethyl 2-(tert-butoxycarbonylamino)pent-4-ynoate (7) 
1H NMR (300 MHz, CD3OD) 
δ 1.28(t, 3H), 1.45 (s, 9H), 1.52 (s, 3H), 2.36 (t, 1H), 2.64 – 2.68 (m, 2H), 4.12 – 4.30 (m, 3H) 
13C NMR (300 MHz, CD3OD) 
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δ 14.53, 22.70, 27.62, 28.71, 54.06, 62.61, 68.17, 72.27, 80.05, 80.86, 86.43, 148.41, 
157.69, 172.39 
FAB-MS 
[M+1H]+ = C12H19NO4  m/z 242.2 
 
tert-butyl 1-hydroxypent-4-yn-2-ylcarbamate (8) 
1H NMR (500 MHz, CD3OD) 
δ 1.44(s, 9H), 2.28 (s, 1H), 2.34 – 2.47 (m, 2H), 3.55 – 3.61 (m, 2H), 3.65 – 3.69 (m, 1H) 
13C NMR (500 MHz, CD3OD) 
δ 21.80, 28.77, 52.80, 54.84, 63.69, 71.29, 80.29, 81.55, 157.97 
FAB-MS 
[M+3H]+ = C10H17NO3  m/z 202.1 
 
2-(tert-butoxycarbonylamino)pent-4-ynyl 4-azidobenzoate (9) 
1H NMR (300 MHz, CD3OD) 
δ 1.42 (s, 9H), 1.52 (s, 3H), 2.37 (t, 1H), 2.49 – 2.52 (m, 2H), 4.00 – 4.10 (m, 1H), 4.28 – 
4.44 (m, 2H), 7.15 - 7.18 (m, 2H), 8.05 – 8.08 (m, 2H) 
 
2-aminopent-4-ynyl 4-azidobenzoate (2) 
1H NMR (300 MHz, CD3OD) 
δ 1.56 (s, 1H), 2.65 (t, 1H), 2.77 – 2.80 (m, 2H), 3.78 - 3.85 (m, 1H), 4.50 – 4.65 (dq, 2H), 
7.16 - 7.20 (m, 2H), 8.10 – 8.15 (m, 2H) 
13C NMR (300 MHz, CD3OD) 
δ 20.59, 27.77, 50.37, 64.65, 74.56, 77.86, 120.15, 126.92, 132.91, 147.07, 166.62 
FAB-MS 
[M+3H]+ = C12H12N4O2  m/z 247.1 
 
2-aminopent-4-yn-1-ol (10) 
1H NMR (300 MHz, CD3OD) 
δ 2.54 (t, 1H), 2.59 – 2.63 (m, 2H), 3.33 – 3.40 (m, 1H), 3.67 – 3.84 (m, 2H) 
FAB-MS 
[M+3H]+ = C5H9NO  m/z 102.1 
 
4-azido-N-(1-hydroxypent-4-yn-2-yl)benzamide (3) 
1H NMR (300 MHz, CD3OD) 
δ 2.31 (t, 1H), 2.47 – 2.65 (m, 2H), 3.72 - 3.74 (m, 2H), 4.14 – 4.26 (m, 1H), 7.12 - 7.15 (m, 
2H), 7.86 – 7.89 (m, 2H) 
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13C NMR (300 MHz, CD3OD) 
δ 21.42, 52.54, 63.56, 71.42, 81.56, 119.95, 130.38, 132.26, 132.87, 144.92, 169.30, FAB-
MS 
[M+1H]+ = C12H12N4O2  m/z 244.1 
 
2-(4-azidobenzamido)pent-4-ynyl 2-aminoacetate (12) 
1H NMR (300 MHz, CD3OD) 
δ 1.57 (s, 2H), 2.41 (t, 1H), 2.59 – 2.63 (m, 2H), 3.86 (s, 2H), 4.33 – 4.38 (m, 1H), 4.47 – 
4.58 (m, 2H), 7.14 - 7.18 (m, 2H), 7.86 – 7.88 (m, 2H) 
13C NMR (300 MHz, CD3OD) 
δ 21.63, 26.11, 26.79, 27.77, 34.80, 40.97, 67.46, 72.20, 80.52, 120.04, 130.44, 130.48, 
131.85, 145.26, 168.58, 169.42,  
FAB-MS 
[M+3H]+ = C14H15N5O3  m/z 304.1 
 
7.17 General protocol for in vitro photoaffinity tagging 
 
Table 7.8: Protocol for photoaffinity tagging experiments. 
 
Components End concentration 
Lysine riboswitch or total RNA ca 1 µM or 68 ng/µl 
Lysine trifunctional ester probe (13) 5-200 eqv. as depicted in each expt´s  
MgCl2 5 mM 
Sodium phosphate buffer pH 7.0 50 mM 
 
All components were mixed together in a proportion as depicted in table 7.8.  RNA folding 
was performed by heating the reaction mixture to 70 0C for two minutes followed by cooling 
down to room temperature for 15 min. Each of the samples was divided into equal halves 
and only one half of the sample was subjected to photoaffinity tagging by the irradiation with 
254 nm UV-light for 15 min at 2-4 0C without any polystyrene filter. Afterwards, all samples 
were diluted with water followed by a rigorous extraction of the aqueous layer with aq-phenol, 
BuOH-EDTA and diethylether. The crosslinked RNA was ethanol-precipitated from a 0.5 M 
NH4OAc buffer with the help of glycogen as a carrier at and end concentration of 0.8 µg/µl. 
This was directly followed by a CuAAC conjugation with biotin azide to quantitatively 
introduce a biotinyl residue for calculating the photo-tagging yield. The same CuAAC 
conditions, as described before for quantitative biotinylation of transcripts carrying octadiynyl 
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AP-quenching Aminopurine fluorescence quenching 
BP Band-pass 
Boc2O Di-tert-butyl dicarbonate 
CuAAC Copper-catalyzed Azide-Alkyne Cycloaddition 




EDC.HCl N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
KL buffer Kinase Ligation buffer 
FA-buffer Formamide gel-loading buffer 
FRET Fluorescence Resonance Energy Transfer 
LCC Ligation competent complex 
LP Long-pass 
NHS N-Hydroxysuccinimide 
PAGE Polyacrylamide gel electrophoresis 
PAP Poly(A) polymerase 
PNK Polynucleotide kinase 
PUP Poly(U) polymerase 
PTPP Pyrithiamine pyrophosphate 
RNAP RNA polymerase 
SAH S-adenosyl-L-homocysteine 
SAM S-adenosyl-L-methionine 
SELEX Systematic evolution of ligands by exponential enrichment 
SM-FRET Single Molecule Fluorescence Resonance Energy Transfer 
SP Short-pass 
SPAAC Strain Promoted Azide Alkyne Cycloaddition 
Strep-EMSA Streptavidin Electrophoretic Mobility Shift Assay 
T4 Dnl T4 DNA ligase 
T4 Rnl1 T4 RNA ligase 1 
T4 Rnl2 T4 RNA ligase 2 
TBTA Tris-(benzyltriazolylmethyl) amine 
TdT Terminal deoxynucleotidyl transferase 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
THPTA Tris-(3-hydroxypropyltriazolylmethyl) amine 
TLC Thin Layer Chromatography 
TPP Thiamine pyrophosphate 
 
